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Abstract

The purpose of this study was to investigate the changes that occur in the lacrimal glands (LGs) in 

female thrombospondin 1 knockout (TSP1−/−) mice, a mouse model of the autoimmune disease 

Sjogren’s syndrome. The LGs of 4, 12, and 24 week-old female TSP1−/− and C57BL/6J (wild 

type, WT) mice were used. qPCR was performed to measure cytokine expression. To study the 

architecture, LG sections were stained with hematoxylin and eosin. Cell proliferation was 

measured using bromo-deoxyuridine and immunohistochemistry. Amount of CD47 and stem cell 

markers was analyzed by western blot analysis and location by immunofluorescence microscopy. 

Expression of stem cell transcription factors was performed using Mouse Stem Cell Transcription 

Factors RT2 Profiler PCR Array. Cytokine levels significantly increased in LGs of 24 week-old 

TSP1−/− mice while morphological changes were detected at 12 weeks. Proliferation was 

decreased in 12 week-old TSP1−/− mice. Three transcription factors were overexpressed and 

eleven underexpressed in TSP1−/− compared to WT LGs. The amount of CD47, Musashi1, and 

Sox2 was decreased while the amount of ABCG2 was increased in 12 week-old TSP1−/− mice. We 

conclude that TSP1 is necessary for maintaining normal LG homeostasis. Absence of TSP1 alters 

cytokine levels and stem cell transcription factors, LG cellular architecture, decreases cell 

proliferation, and alters amount of stem cell markers.

Keywords

Lacrimal gland; Progenitor cells; Myoepithelial cells; Cytokines; Sjogrens syndrome

*Corresponding author. Schepens Eye Research Institute, 20 Staniford Street, Boston, MA 02114, United States. 
darlene_dartt@meei.harvard.edu (D.A. Dartt). 

HHS Public Access
Author manuscript
Exp Eye Res. Author manuscript; available in PMC 2017 December 01.

Published in final edited form as:
Exp Eye Res. 2016 December ; 153: 27–41. doi:10.1016/j.exer.2016.09.011.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



1. Introduction

Dry eye and associated ocular surface diseases affect more than 40 million Americans. 

Aqueous deficiency dry eye (ADDE) results from alterations in lacrimal gland (LG) 

secretion that can lead to ocular surface inflammation causing irritation and pain (Dartt, 

2009; Mantelli et al., 2013; Stevenson et al., 2014). Dysfunction of the LG has been 

documented in a variety of conditions such as aging, the autoimmune disease Sjögren’s 

syndrome, and post-refractive surgery (Ang et al., 2001; Batista et al., 2012; Contreras-Ruiz 

et al., 2014; Reksten and Jonsson, 2014; Rocha et al., 2008). However, the mechanisms that 

cause this disruption of function are not well understood. As there are no cures for ADDE 

and current topical treatments offer limited relief. Repair or regeneration of the LG 

potentially with stem cells would alleviate this suffering.

The LG is an exocrine gland whose main function is to produce the aqueous component of 

the tear film consisting of proteins, water and electrolytes (Dartt, 2009). The LG fluid not 

only helps to lubricate the eye, but also aids in bringing nutrients and oxygen to the cornea 

and removing waste products and preventing infection. LGs are comprised of acinar and 

ductal epithelia, myoepithelial cells, nerves, plasma cells, vascular and stromal cells, which 

are necessary to produce and secrete tear film components (Batista et al., 2012). Acinar 

cells, which comprise about 80% of the gland, form acini comprised of pyramidal shaped 

cells that lead into the duct system. Acinar cells secrete the majority of proteins, water, and 

electrolytes produced by the gland. The primary fluid from acini is then secreted into the 

ducts where it is modified by ductal cells before being released onto the surface of the eye. 

Myoepithelial cells surround the acinar cells on the basal side and because they contain α-

smooth muscle actin (αSMA), it is believed that they contract to help expel the secretory 

products, as in the salivary and mammary glands (Ohtomo et al., 2011). More recently we 

demonstrated that a population of myoepithelial cells could serve as stem/progenitor cells 

for the LG (Shatos et al., 2012a).

Many reports have indicated that exocrine glands such as the salivary gland, exocrine 

pancreas, salivary, and mammary glands have the ability to regenerate (Chuong et al., 2014; 

Holmberg and Hoffman, 2014; Migliorini et al., 2014) (Arany et al., 2011; Burford-Mason 

et al., 1993; Nagai et al., 2014). The LG also exhibits repair mechanisms. Zoukhri et al. 

showed that a single injection of the pro-inflammatory cytokine interleukin (IL)-1 into the 

mouse LG led to a severe inflammatory response, impaired release of secretory protein, 

decreased tear output and increased acinar cell death (Zoukhri et al., 2007). Within 3–7 days, 

the LG regenerated and normal function was restored. This injury increased the number of 

BrdU labeled cells demonstrating a population of cells that are mobilized to regenerate LG 

acinar, ductal, and myoepithelial cells.

Several possible types of cells could be used in LG repair. One possible cell type is the 

mesenchymal cell recruited by epithelial mesenchymal transition (EMT) (You et al., 2012). 

A second possible cell type is the epithelial progenitor cell. A third possibility is the 

myoepithelial cell. In rat LG and injured mouse LG, myoepithelial cells are positive for 

stem/progenitor cell markers (Shatos et al., 2012a; You et al., 2012). No published evidence 
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has eliminated any of these cell types, mesenchymal, epithelial, or myoepithelial, from being 

stem/progenitor cells in the LG.

The role of stem/progenitor cells in LG repair in chronic dry eye has not been published to 

date. To determine if stem/progenitor cells are altered in chronic dry eye we used 

thrombospondin 1 null mice (TSP1−/−) that spontaneously develop autoimmune dry eye as 

they age (Turpie et al., 2009). TSP1 is a large matricellular protein found both intra- and 

extracellularly (Resovi et al., 2014). Multiple domains of TSP1 allow its interactions with 

cell surface receptors, growth factors, cytokines, or extracellular matrix proteins thereby 

supporting a variety of functions within the cell including modulation of cell migration, 

proliferation, and cell death (Masli et al., 2014). Therefore, TSP1 can regulate both 

extracellular and intracellular signaling complexes.

Turpie et al. and Contreras Ruiz et al. have reported both lacrimal gland and ocular surface 

abnormalities associated with dry eye in TSP1−/− mice (Contreras-Ruiz et al., 2013; Turpie 

et al., 2009). This mouse model offers the advantage of comparing the appearance of 

inflammatory infiltrates with the development of functional defects in the LG, unlike other 

mouse models of dry eye syndromes in which the lacrimal gland infiltration is secondary to 

the disease. To further support the use of TSP1−/− mice as a model of chronic dry eye, a 

recent study showed that a TSP1 polymorphism that causes a decrease in conjunctival TSP1 

levels and an increase in IL-1β expression predisposes individuals to chronic dry eye after 

refractive surgery (Contreras-Ruiz et al., 2014).

To determine if degenerative changes in TSP1−/− LG are associated with regenerative 

abnormalities we evaluated changes in cellular turnover and progenitor cell population in 

TSP1−/− mice. As ADDE and Sjögren’s syndrome in humans are more common in females 

than males, we characterized LG disease progression in female TSP1−/− mice. We 

investigated the cytokine and stem cell transcription factor expression, architecture of the 

LG, proliferation, and localization of stem cell markers with increasing age in the LGs of 

TSP1−/− and age matched wild type (WT) mice. In female TSP1−/− compared to WT mice 

we found a change in cytokine expression, cellular infiltrates, cellular morphology, a 

decrease in cellular proliferation, and an alteration in progenitor cell markers occurred with 

increased disease progression.

2. Materials and methods

2.1. Materials

Antibodies directed against Sox 2, Pax 6, CHX10, ABCG2, ΔNP63, CD47, and anti-rabbit 

secondary antibody conjugated to horse-radish peroxidase (HRP) were purchased from 

Santa Cruz Biotechnology (Santa Cruz, CA) while antibodies directed against Musashi 1, 

nestin, heparin sulfate and anti-mouse secondary antibody conjugated to HRP were 

purchased from EMD Millipore (Billerica, MA). α-Smooth muscle actin (αSMA) was from 

Diagnostic Biosystems (Pleasanton, CA). Antibody directed against β-actin was purchased 

from Sigma-Aldrich (St. Louis, MO). Antibody against E-cadherin (mouse monoclonal, 

clone 36) was from BD Biosciences (San Jose, CA) while anti-bromodeoxyuridine (BrdU) 

and aquaporin (AQ) 5 were obtained from Abcam (Cambridge, MA).
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2.2. Animals

All experiments conformed to the National Institutes of Health guide for the care and use of 

laboratory animals (NIH Publications No. 8023, revised 1978) and were approved by the 

Schepens Eye Research Institute Animal Care and Use Committee. Female C57BL/ 6J 

served as the wild type mice and were purchased from The Jackson Laboratory (Bar Harbor, 

ME). TSP1−/− mice were originally obtained from Dr. J. Lawler (BIDMC, Harvard Medical 

School, Boston, MA) and bred at the Schepens Eye Research Institute Animal Facility. 

These mice were made on the C57BL/6J background. Only female mice were used in this 

study. All mice were maintained in constant temperature rooms with fixed light-dark 

intervals of 12 h and were fed ad libitum. Mice were anesthetized in CO2 and cervical 

dislocation was performed. Both exorbital LGs were removed immediately. When possible, 

studies were carried out on mice at 4, 12, and 24 weeks of age that represent no-disease, 

early disease, and late disease, respectively.

2.3. Real-time PCR and RT2 profiler PCR array

Total RNA was isolated from the LG of 4, 12, and 24 week old WT or TSP1−/− mice using 

RNA Isolation kit (SA Biosciences, Valencia, CA). cDNA was synthesized by reverse 

transcription of the RNA using oligo dT and M-MLV RT (Promega, Madison, WI). 

Sequences of primers were as follows: IFN-γ: 5′-TCAGCAACAACATAAGCGT-CAT-3′, 

5′-GACCTCAAACTTGGCAATACTCAT-3′; IL-1β: 5′-TCTGAAG-

CAGCTATGGCAACTGTT-3′, 5′-CATCTTTTGGGGTCCGTCAACT-3′; IL-17: 5′-

AGTGAAGGCAGCAGCGATCAT-3′, 5′-CGCCAAGGGAGT-TAAAG-3′; IL-6: 5′-

AGTCAATTCCAGAAACCGCTATGA-3′, 5′-TAGG-GAAGGCCGTGGTTGT; TNFα: 5′-

GGCCTCCCTCTCATCAGTTCTATG-3′, 5′-GTTTGCTACGACGTGGGCTACA-3′; 

Ki67: 5′-CTCCACGAACCT-CAAAGA-3′, 5′-TGTGGATTCCTTCACACCTT-3′; CD47: 

5′-TGGTATC-CAGCAAGCCTTAG-3′, 5′-AAGACACCAGTGCCATCAAT-3′; GAPDH: 

5′-CGAGAATGGGAAGCTTGTCA-3′, 5′-AGACACCAGTAGACTCCACGA-CAT-3′. 

Amplification reactions were performed using qPCR kit (Kappa Biosystems, Woburn, MA) 

in triplicate with the following cycles: 50 °C for 2 min for 1 cycle; 95 °C for 15 min for 1 

cycle; 52–55 °C for 1 min for 40 cycles; 72 °C for 30 s for one cycle on an ABI Prism 

analyzer (Applied Biosystems Inc, Foster City, CA). Fluorescence was analyzed after each 

cycle and relative quantification of gene expression relative to GADPH was determined. 

Gene expression in TSP1−/− mice was then compared to gene expression in WT mice.

To study expression of stem cell transcription factors in diseased and healthy LGs, RNA was 

isolated from TSP1−/− and WT glands using RNeasy Mini kit (Qiagen, Valencia, CA); 

cDNA was made using RT2 First Strand Kit (Qiagen) and applied to The Mouse Stem Cell 

Transcription Factors RT2 Profiler PCR Array (Qiagen). Quantitative RT-PCR was 

performed on the ABI 7300 system (Life Technologies, Grand Island, NY) and the threshold 

cycle (Ct) for each well was determined by the real-time cycler software.

Data was analyzed using online normalization and analysis tools (http://sabiosciences.com/

pcrarraydataanalysis.php) and statistically significant differences in mean Ct values were 

determined. The difference was considered significant when both p < 0.05 and >1.5 fold 
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change were present. Genes with undetermined Ct values in both TSP1−/− and WT samples 

were excluded from the final tables.

2.4. Histology

Excised LGs from 4, 12, and 24 week-old WT and TSP1−/− female mice were fixed for 24 h 

in 4% formaldehyde made in phosphate buffered saline (PBS, 145 mM NaCl, 7.3 mM 

Na2PO4 at pH 7.2) and cryopreserved overnight in 30% sucrose in PBS. Glands were 

embedded in optimal cutting temperature compound (OCT) and 6 μm sections were cut, and 

placed on glass slides. Slides were stained with hematoxyline/eosin (H&E) and 

photographed using a Nikon Eclipse microscope 80i.

2.5. Determination of acinar cell size

H&E stained sections from WT and TSP1−/− mice at 4, 12 and 24 weeks were analyzed. The 

size of acinar cells and size of area occupied by acinar cells were determined. For acinar cell 

area, images were converted to 8-bit images and the contrast was enhanced to the same 

extent on all images. Confocal images for nuclei were unmodified. Using the Region of 

Interest (ROI) manager in Image J, 30 acini from each micrograph were picked at random, 

outlined, and the acinar cell area was determined. Data from nuclear size from TSP1−/− is 

expressed relative to nuclear size of WT mice.

A second method to determine acinar cell size was also used. A total of 63 images were 

processed by Fiji software (Schindelin et al., 2012) in random order by one investigator 

blinded for the experimental groups. The largest possible section in the image that contained 

no obvious ducts or accumulation of fibrous tissue was chosen for analysis. The images were 

adjusted for brightness by various approaches to ease the counting. The size of this area was 

determined. The Fiji software also allowed for the counting of the number of nuclei 

automatically by applying the following commands for each of the images: “process →find 

maxima →exclude edges → noise tolerance 13 (most often) → single points → preview”. 

To get an indirect measure of the average area of the acinar cells in the experimental groups, 

the area within each section chosen from the original image was calculated in pixels. The 

area was divided by the number of nuclei identified in each section. Nuclei that were cut by 

the frames of the sections were automatically excluded to ensure consistency.

2.6. Cell proliferation

In vivo cell proliferation was determined by injecting 12 week old WT and TSP1−/− female 

mice intraperitoneally with 100 mg/kg body weight BrdU which was dissolved in saline. 

The mice were injected 4 times 2.5 h apart. Sixteen hours after the last injection, the LGs 

were removed and processed as described in Histology section. LG sections were cut and 

incubated with anti-BrdU antibody. The BrdU positive cells were viewed using 

diaminobenzidine and hydrogen peroxide. Positive cells were counted in a blind fashion in 5 

fields per gland by two independent investigators.

2.7. Western blotting analysis

LGs from 12 or 24 week old WT and TSP1−/− mice were homogenized in RIPA buffer (50 

mM Tris-HCl pH 7.4, 1% NP-40, 0.1% SDS, 150 mM NaCl, 0.5% sodium deoxycholate, 
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and 1 mM EDTA containing a protease inhibitor cocktail, 100 μg/mL phenyl-

methylsulfonylfluoride, 30 μg/mL aprotinin, and 1 mM sodium orthovanadate). The proteins 

were separated by SDS-PAGE and transferred from the gel onto a nitrocellulose membrane. 

The membrane was then blocked in 5% non-fat dried milk in buffer containing 10 mM Tris-

HCl, pH 8.0,150 mM NaCl, and 0.05% Tween-20 (TBST) for 1 h at room temperature, and 

incubated with the primary antibody diluted in 5% dried milk-TBST overnight at 4 °C with 

the appropriate primary antibody (1:500 dilution for all antibodies except CHX10 which was 

1:100 and β-actin which was 1:1000) followed by secondary antibody conjugated to HRP 

for 1 h. Detection was performed with the SuperSignal West Pico Chemiluminescent 

Substrate (Thermo Scientific, Rockford, IL) and the immunoreactive bands were analyzed 

by Image J (Rasband, W.S., ImageJ, U. S. National Institutes of Health, Bethesda, Maryland, 

USA, http://imagej.nih.gov/ij/, 1997–2012.). The amount of protein was standardized to the 

amount of β-actin.

2.8. Immunofluorescence microscopy

Excised LGs from female TSP1−/− and WT mice 4, 12 and 24 weeks of age were removed, 

fixed, frozen, and 6 μm sections cut. Frozen sections were rinsed with PBS and blocked with 

0.3% BSA in PBS. Sections were incubated with primary antibodies specific for progenitor 

cells in combination with anti-αSMA, which identifies myoepithelial cells. All primary 

antibodies were used at a dilution of 1:100. Isotype negative controls consisted of either 

normal goat IgG, normal mouse IgG2a or normal rabbit IgG at dilutions of 1:100. Secondary 

antibodies were used at 1:100 or 1:300 dilutions. Sections were mounted with coverslips 

using polyvinyl alcohol (PVA) and 1,4 diazabicyclo[2.2.2] octane (DABCO). Sections were 

evaluated for the expression of progenitor cell markers using a Leica TSC-SPC2 upright 

scanning confocal microscope.

2.9. Statistical analysis

Data were analyzed by Student’s t-test and p ≤ 0.05 was considered statistically significant.

3. Results

3.1. Expression of pro-inflammatory cytokines is altered with age in TSP1−/− compared to 
WT LGs

Pro-inflammatory cytokines increase with disease progression in chronic inflammatory 

diseases including Sjogren’s syndrome. To determine when pro-inflammatory cytokines 

changed in female mouse LGs, RNA was isolated from the LGs of 4, 12, and 24- week old 

WT and TSP1−/− female mice and qPCR was performed using primers for the pro-

inflammatory cytokines IL-1β, IL-6, IL-17A, IFN-γ, and TNF-α. In 4 week-old mice, the 

expression of IL-1β was significantly increased to 4.9 ± 1.3 fold in TSP1−/− mice compared 

to 2.3 ± 0.1 fold in WT mice (Fig. 1A). No other cytokine expression was significantly 

altered at this age. In 12 week-old mice, the expression of all cytokines tested was 

significantly increased in TSP1−/− over WT mice (Fig. 1A–E). The increased expression of 

cytokines persisted to at least 24 weeks of age (Fig. 1A–E). These results indicate that by 12 

weeks, the expression of IL-1β, IL-6, IL-17A, IFN-γ, and TNF-α are increased in LGs of 12 

week old mice that persisted until at least 24 weeks.
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The cycle threshold (Ct) was also determined for each cytokine as well as the control 

GAPDH (Fig. 1F–K). All genes were abundantly expressed. At 4 weeks of age, the Ct 

values for IL-1β, and TNFα in TSP1−/− mice were significantly decreased from that 

observed in WT mice (Fig. 1F, I, and J). At 12 weeks, the Ct values for all cytokines were 

significantly decreased from that observed in WT mice (Fig. 1F–K). Ct values for all 

cytokines in TSP1−/− mice except IL-17A were significantly decreased at 24 weeks of age. 

The decrease in Ct values suggests that there is an increase in the expression of the cytokines 

in the TSP1−/− mice with age. And confirms the results shown in Fig. 1A–E. The Ct values 

for GAPDH were not altered at any time and were not different between WT and TSP1−/− 

mice.

3.2. TSP1−/− LG morphology and, proliferation, are altered with age compared to WT 
glands

3.2.1. Lymphocytic infiltration of the LGs of TSP1−/− mice—The LGs of WT and 

TSP1−/− mice at 4, 12, and 24 weeks old were removed, fixed, sectioned and stained with 

H&E as described in the Methods. At 4 weeks of age, there were no signs of lymphocytes in 

the glands of either strain (Fig. 2A). Lymphocytes were present at 12 and 24 weeks of age in 

LGs from TSP1−/− mice but not WT mice (Fig. 2A).

3.2.2. Acinar cell area and acinus area changes with age in TSP1−/− LGs—In 

H&E staining, acini from the LGs of 12 week old TSP1−/− mice appeared smaller than those 

from the LGs of WT animals (Fig. 2A). To determine if this was the case and if the structure 

of the LGs of TSP1−/− compared to WT mice is altered with increasing age and disease 

progression, the size of acinar cells were determined by two different methods using H&E 

stained sections of LGs from WT and TSP1−/− mice at 4, 12, and 24 weeks of age (Fig. 2A). 

In the first method, thirty acini were selected at random from H&E stained micrographs of 

LGs of WT and TSP1−/− animals at the three ages indicated above. The area of each acinar 

cell was determined using Image J and the average acinar area calculated for each age. There 

was no difference in acinar cell size in LGs of WT and TSP1−/− from 4 week-old animals 

(Fig. 2B). However, at 12 weeks of age, the acinar cell area was significantly smaller in 

TSP1−/− compared to WT mice with an average acinar cell area in TSP1−/− mice of 394.3 

± 75.8 μm2 compared to 638.3 ± 21.2 μm2 (Fig. 2B). Similarly at 24 weeks, acinar cell area 

from TSP1−/− mice was significantly smaller than WT mice and was 525.5 ± 19.7 μm2 

compared to 620.4 ± 27.3 μm2 (Fig. 2B). When comparing 4, 12, and 24 week-old mice, 

acinar cell size in WT mice increased from 4 to 12 weeks of age and remained stable at 24 

weeks of age. In contrast, LG acini of TSP1−/− compared to WT mice LGs grew more 

slowly. Although acinar cell size continued increasing in TSP1−/− LGs, these cells remained 

smaller than WT at older ages.

A second method was used to determine if the size of LG acinar cells is altered with 

increasing age and disease progression in TSP1−/− compared to WT mice. Areas of LG 

occupied by only acinar cells (no ducts or connective tissue) was selected in H&E stained 

sections TSP1−/− and WT mouse LG and analyzed using Fiji software. When the size of the 

areas of LG occupied by only acinar cells was plotted, the area of the acini was slightly but 

significantly increased in TSP1−/− compared to WT mice at 4 weeks (Fig. 2C). However, at 
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12 and 24 weeks of age, the area occupied by acini was significantly decreased in TSP1−/− 

compared to WT mice at 12 and 24 weeks of age.

The size of the acinar cell was determined by dividing the area by the number of nuclei 

present. A larger the ratio indicates larger cells. The size of acinar cells in TSP1−/− mice was 

not significantly different from WT mice at 4 weeks of age but significantly decreased by 

the time the animals reached 12 weeks of age (Fig. 2D). At 24 weeks of age, there was no 

difference in acinar cell size between WT and TSP1−/− mice. As in Fig. 2B, WT LG acinar 

cell size plateaued at 12 weeks whereas TSP1−/− LG cell size continued to increase until 

they reached the size of WT acini at 24 weeks.

3.2.3. Structure of the LG cells is altered in TSP1−/− mice—E-cadherin is a 

member of the cadherin protein family and is an important in cell-cell adhesion molecule 

and mechanically couples cells in a tissue (Guillot and Lecuit, 2013). E-cadherin molecules 

help maintain epithelial cell polarity and barrier function as well as tissue plasticity. These 

junctions are remodeled in cell division (new cell junctions are formed), live cell extrusion, 

cell death (remove cell junctions), and cell migration. The absence of E-cadherin may lead 

to an accumulation of free beta-catenin and changes in gene expression. In LG of 24 week-

old WT mice, E-cadherin binding demonstrates well-defined, organized, trapezoid-shaped 

acini (as indicated by circles in Fig. 3A). Compared to WT, acinar cells of TSP1−/− mice are 

more circular and less organized suggesting a loss of cell-cell contact and communication 

(Fig. 3B).

To determine if the acinar cells lose polarity in TSP1−/− compared to WT lacrimal glands, 

sections were stained with a basolateral membrane marker anti-heparin sulfate antibody and 

with an apical membrane marker anti-aquaporin 5 antibody (Fig. 3C and D). If acinar cell 

polarity was lost the markers would lose their membrane-specific localization. In 24-week 

old WT mouse LG acinar cells heparin sulfate immunoreactivity was detected only in the 

basolateral membrane and aquaporin 5 only in the apical membrane. In TSP1−/− LG acinar 

cells this distribution was unchanged. Thus TSP1−/− LG acinar cells appear to maintain their 

polarity.

3.2.4. Cellular proliferation decreases in TSP1−/− LGs—To measure cell 

proliferation, 12 week-old female WT and TSP1−/− mice were injected with BrdU. Sections 

of LG were incubated with an antibody directed against BrdU and the number of BrdU 

positive cells was counted. A greater number of LG cells were positive for BrdU in WT 

compared to TSP1−/− mice (Fig. 4A). In WT mice, 9.3 ± 1.8 cells per five fields were 

labeled with BrdU (Fig. 4B). In contrast, in TSP1−/− mice only 3.8 ± 1.3 cells per five fields 

stained positive for BrdU, a decrease of 59%. This decrease in proliferation seen in LG cells 

of TSP1−/− mice was significant compared to LG cells of WT mice. These data demonstrate 

that cellular proliferation in the LGs of TSP1−/− was decreased compared to WT mice.

To confirm that proliferation was decreased in TSP1−/− mice, qPCR was performed using 

primers to Ki67, a protein well established to be expressed in all stages of the cell cycle 

except G0 (Andre et al., 2015). In 12 week old mice, Ki67 expression was significantly 

decreased 70.2± 1.3%. in TSP1−/− compared to WT mouse LGs (Fig. 4C). The Ct FOR Ki67 
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in WT and TSP1−/− mice is shown in Fig. 4D. The Ct value for WT mice was 23.6 ± 0.8 

cycles which was not significantly different from that obtained with TSP1−/− mice of 25.3 

± 0.8 cycles.

Data from this section indicate a change in cellular homeostasis in the TSP1−/− LG that 

occurs by 12 weeks of age and persists at 24 weeks of age. The LG acinar cells changed 

shape. Consistent with this there was a decrease in cellular proliferation in the TSP1−/− LG. 

The changes in cellular homeostasis occur at the time of increased levels of cytokines and 

cellular infiltration. These findings prompted us to examine LG progenitor cells.

3.3. Changes in the expression of CD47 and progenitor cell markers in TSP1−/− compared 
to WT LGs

3.3.1. Amount of TSP1 receptor CD47 decreases in TSP1−/− LGs—CD47, also 

known as integrin-associated protein, binds to the C-terminal domain of TSP1 (Lopez-Dee 

et al., 2011). CD47 permits sustained proliferation of endothelial cells and allows them to 

reprogram to form multipotent embryoid body-like clusters. Kaur et al. demonstrated that in 

the absence of CD47 or TSP1, expression of stem cell transcription factors c-Myc, Klf4, 

Oct4, and Sox2 is elevated and cells can self-renew in mouse lung endothelial cells (Kaur et 

al., 2013). Therefore, we investigated CD47 expression in the TSP1−/− LGs. Western 

blotting analysis was used to determine the level of CD47 in LG homogenate from TSP1−/− 

and WT mice at 12 weeks of age. Surprisingly, the amount of CD47 was substantially 

decreased at 12 weeks of age in the knock out compared to WT LGs (Fig. 5A and B). This 

finding suggests that in TSP1−/− mouse LGs progenitor cells could be activated.

As another method to determine if the amount of CD47 is altered in the LGs of TSP1−/− 

mice, qPCR was performed using primers to CD47. As shown in Fig. 5C, the amount of 

CD47 expression was significantly decreased 67.8± 2.9% in TSP1−/− compared to WT 

mouse LGs. The Ct for CD47 in WT and TSP1−/− mouse LGs is shown in Fig. 5D. The Ct 

value for WT mice was 19.4 ± 0.2 cycles which was significantly decreased from that 

obtained with TSP1−/− mice which was 21.0 ± 0.04 cycles. This implies that the mRNA 

levels for CD47 are decreased in TSP1−/− mouse LGs compared to WT mice.

3.3.2. Stem cell transcription factors expression is modulated in TSP1−/− LGs
—A collection of transcription factors have been identified that play important roles in the 

specification and/or expansion of LG stem/progenitor cells. We performed the Transcription 

Factors RT2 PCR profiler array to investigate changes in the stem cell transcription factors 

expression profile of TSP1−/− compared to WT LG tissues obtained from 12 to 14 week old 

mice. Mean Ct values of genes present on the array, which passed through the quality 

control, were compared between TSP1−/− and WT LGs. Fourteen differentially expressed 

genes were identified (Tables 1 and 2). Three genes were significantly upregulated (Table 1) 

while eleven genes were significantly downregulated in TSP1−/− LGs (Table 2).

Expression of only three genes was increased. One gene, Jun oncogene expression, also 

known as Junc/c-jun, is positively regulated by IL-1β expression, and its activation increases 

inflammation (Guma and Firestein, 2012; Li et al., 2015) (Jun: 1.8 fold increase, p = 0.05). 

This correlated with increased expression of apoptosis marker - iroquois homeobox 
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protein-4 (Irx4: 1.8 fold increase, p = 0.02). Most interestingly we also found a significant 

increase in paired box protein-5 (Pax5: 2.1 fold increase, p = 0.02). Pax5 expression is a 

specific marker for B cell lineage (Adams et al., 2009; Anderson et al., 2007; Cotta et al., 

2003). These results are consistent with the increased inflammation in TSP1−/− mouse LGs 

at 12 weeks of age.

We found that expression of the pluripotency factor octamer-binding transcription factor 4 

(Oct4), also known as POU5F1 (POU domain, class 5, transcription factor 1) was highly 

decreased (8.2 fold decrease; P = 0.02). Oct 4 is a marker for undifferentiated stem cells, 

which is involved in the regulation of self-renewal of epithelial stem cells in different tissues 

(Garcia-Lavandeira et al., 2012; Hassiotou et al., 2013; Samardzija et al., 2012). Down-

regulation of Oct4 expression correlated with a decreased level of CD47 (Fig. 5). We also 

found decreased expression of several transcription factors involved in regulation of cell 

proliferation and tissue maintenance: telomerase reverse transcriptase (Tert: 4.9 fold 

decrease, p = 0.01); paired box protein-6 (Pax-6: 1.6 fold decrease, p = 0.007); Runt-related 

transcription factor-1 (Runx1: 1.6 fold decrease, p = 0.006), and kruppel-like factor 4 (Klf4: 

1.5 fold decrease, p = 0.04). Tert1 regulates proliferative potential to most human and mouse 

cells through its ability to elongate telomeres (Blasco, 2007).

Pax6 regulates LG cell proliferation and branching morphogenesis and has a major role in 

maintenance of the adult ocular tissues (Makarenkova et al., 2000; Shatos et al., 2012b). As 

we showed previously transcription factor Runx1 is expressed in the LG epithelial 

progenitor cells and regulates their proliferation and is involved in the mechanisms 

controlling LG regeneration (Voronov et al., 2013). Kruppel-like transcription factors (Klf4 

and Klf5) are among the most abundant genes in the ocular adnexa including the LG and 

meibomian glands and have important role in cell proliferation and ocular tissue 

differentiation.

Expression of Notch2 that functions as a receptor for membrane-bound ligands Jagged1, 

Jagged2 and Delta1 to regulate cell-fate determination was also significantly decreased 

(Notch2: 2.5 fold decrease, p = 0.003). Other factors with decreased expression in the 

TSP1−/− LGs were SRY-box containing transcription factors (Sox) 6 and 9, stem cell 

markers) (Sox6: 4.6 fold decrease, p = 0.0005; Sox9: 1.6 fold decrease, p = 0.03). Sox6 and 

9 define a transcription factor signature for LG epithelium (Voronov et al., 2013). More 

recently Sox9 was reported to regulate the expression of heparin sulfate-synthesizing 

enzymes (HSSE), which are required for the synthesis and function of heparin sulfate (HS), 

to promote FGF signaling and LG morphogenesis (Chen et al., 2014). In addition TSP1−/− 

LGs showed decreased level of the epithelially expressed sine oculis-related homeobox 

transcription factor-2 (Six2: 2.5 fold decrease, p = 0.02) and LIM Homeobox Transcription 

Factor 1 (Lmx1b: 2.8 fold decrease, p = 0.005). It has been shown that Six2 acts within a 

network of genes including eyeless (Pax family), eyes absent (Eya family) and dachshund 

(Dach family) to trigger eye tissue organogenesis (He et al., 2010). Lmx1b regulates tissue 

patterning, survival and differentiation of certain ocular cell types (McMahon et al., 2009). 

In this study we found that Lmx1b was highly expressed in the LG (with Ct values 22–23). 

We also found a moderate decrease in Sox2 expression (1.4 fold difference; p = 0.06), 

consistent with a decrease in CD47.
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3.3.3. Amount and localization of progenitor cell marker proteins changes in 
TSP1−/− LGs—As cell proliferation was altered in LGs from TSP1−/− compared to WT 

mice, we investigated differences in the stem/progenitor cell populations. The progenitor cell 

markers ABCG2, nestin, Musashi I, Pax 6, CHX 10, Sox 2, and ΔNp63 were used as we 

previously showed that these markers were expressed in rat LG (Shatos et al., 2012a). 

ABCG2 is a member of the ATP binding cassette (ABC) transporters in sub-family G, 

isoform 2. This protein is responsible for transporting molecules across cellular membranes 

and is found in stem cell populations from pancreas (Wang et al., 2013), cornea (Stasi et al., 

2014), and in lung cancer (Niu et al., 2013). Nestin is a type IV intermediate filament while 

Musashi 1 is a neural RNA-binding protein that regulates expression of target mRNA. Both 

are thought to be stem cell markers (Matsuda et al., 2012; Qu et al., 2014). Pax 6 is a 

transcription and master control gene for the development of eyes and sensory organs, and 

CHX 10 is a homeobox containing a transcription factor critical for progenitor cell 

proliferation (Mariappan et al., 2014; Wei et al., 2014; Xu et al., 2007). Sox 2 is a 

transcription factor essential in maintaining self-renewal of undifferentiated embryonic stem 

cells and in several different types of cancer (Boumahdi et al., 2014). ΔNP63 is an epithelial 

progenitor cell marker (Chakrabarti et al., 2014). Using western blot analysis, we 

determined if the amount of these progenitor cell markers were altered in LGs from 12 to 24 

week-old WT and TSP1−/− mice. At 12 weeks of age, when standardized to β-actin, ABCG2 

was significantly increased 79% in TSP1−/− compared to WT mouse LGs (Fig. 6A) while 

the amount of nestin was unchanged (Fig. 6B). In contrast, Musashi 1 and Sox 2 were 

decreased 46 and 52% respectively, in TSP1−/− compared to WT mouse LGs (Fig. 6C and 

D). The amount of Pax 6, CHX10, and ΔNP63 were unchanged at any age in TSP1−/− 

compared to WT mouse LGs (Fig. 6 E, F, and G). At 24 weeks, only nestin was significantly 

increased 69% in TSP1−/− over the amount of nestin expressed in WT mouse LGs (Fig. 6B). 

These changes clearly indicate that responses of progenitor cells to degenerative changes in 

TSP1−/− LGs occur in early disease but are not maintained.

The localization of the progenitor cells was examined as previous studies in our laboratory 

reported that stem cells in the uninjured rat LG were associated with the myoepithelial cells 

(Shatos et al., 2012a). Confocal microscopy was used to determine the cellular location of 

the seven different progenitor/stem cell markers in mouse LG at 4, 12 and 24 weeks of age. 

Although we examined the localization of all stem/progenitor cell markers, micrographs 

from only the four markers whose amount changed by western blotting analysis are 

presented. Micrographs for ABCG2, Musashi, and Sox2 are from 12-week old LGs while 

the micrographs for nestin are from 24 week old LGs the ages at which the amounts 

changed. Markers not shown were all present predominantly on myoepithelial cells.

ABCG2 was present in the LGs of both WT and TSP1−/− mice. At 12 weeks of age, ABCG2 

was widely distributed and localized in the basal and lateral membranes of the acinar cells 

and myoepithelial cells in WT mice (Supplemental Fig. 1A). At 12 weeks of age, the 

distribution and localization of ABCG2 in TSP1−/− mice was similar to that seen in WT 

mice (Supplemental Fig. 1A).

Musashi 1 was also present in the LGs of both WT and TSP1−/− mice. (Supplemental Fig. 

1B). Musashi 1 was expressed in a punctate pattern in acinar cells and in myoepithelial cells 
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in LGs of 12 week-old WT mice. In 12 week old TSP1−/− LGs Musashi-1 was present with 

a localization similar to that in WT cells Supplemental Fig. 1B).

Similar to ABCG2 and Musashi 1, Sox 2 was expressed in the myoepithelial cells in the LGs 

of both diseased and control mice at 12 weeks of age (Supplemental Fig. 1 C). There was 

limited expression of Sox 2 in the acinar cells of both types of mouse LGs (Supplemental 

Fig. 1C).

In LGs of mice at 24 weeks of age, nestin was expressed in myoepithelial cells in both WT 

and TSP1−/− glands (Supplemental Fig. 1D). There was little binding in the absence of 

primary antibody (Supplemental Fig. 1E and F). However, in LGs from WT mice, there was 

additional fluorescence in red globules that are probably lipofuscin that increases in LGs 

with age (Supplemental Fig. 1F).

3.4. Co-localization of stem/progenitor cell markers with myoepithelial cells in TSP1−/− LGs

As myoepithelial cells surround acini on the basal aspect it can be difficult to distinguish 

myoepithelial cell from basal membrane localization. In addition, the location of most stem/

progenitor cell markers appeared to be at least in part on myoepithelial cells. Thus LG 

sections were double-labeled with αSMA, a specific marker of myoepithelial cells along 

with the stem/progenitor cell marker. All stem/progenitor cell markers co-localized to some 

extent with myoepithelial cells in both TSP1−/− and WT LGs.

Immunofluorescence micrographs demonstrated the colocalization of myoepithelial cells 

and four stem/progenitor cells markers that changed in TSP1−/− compared to WT LGs. 

ABCG2 (red) labels the basolateral membranes of acini, while in contrast αSMA (green) 

labels the myoepithelial cells in 12 week old WT and TSP1−/− mouse LGs (Fig. 7A). We 

found some co-localization of ABCG2 with αSMA in these animals shown by the yellow 

and yellow green color, however the majority of ABCG2 staining remained on acinar cell 

basolateral membranes, distinct from the myoepithelial cells (Rios et al., 2005).

At 12 weeks of age in both diseased and control mice, Musashi 1 had significant 

colocalization with αSMA indicated by the yellow and yellow green staining (Fig. 7B). 

Distinct myoepithelial cell shapes are present in all micrographs in Fig. 7. Mushashi-1 

appears in the acinar cells indicated as particulate red staining.

Sox2 is almost exclusively present in myoepithelial cells as indicated by the absence of red 

staining in Fig. 7C. Distinct yellow green myoepithelial shapes are present at 12 weeks of 

age in both TSP1−/− and WT mouse LGs.

Except for the red globules, nestin is almost exclusively present in myoepithelial cells as 

indicated by the absence of red staining in Fig. 7D. Distinct yellow green myoepithelial 

shapes are present at 24 weeks of age in both TSP1−/− and WT mouse LGs.

The results presented in Fig. 7 and Supplemental Fig. 1 suggest that a population of 

myoepithelial cells contains the stem/progenitor cells. To determine if the amount of αSMA 

differed between TSP1−/− and WT LG we performed western blotting analysis using an anti-

αSMA antibody (Fig. 8). The amount of αSMA was not different between TSP1−/− and WT 
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mouse LGs at 12 weeks of age implying that there was no difference in the number of 

myoepithelial cells or in the amount of αSMA in myoepithelial cells between diseased and 

control LGs.

4. Discussion

Absence of TSP1 changes cell homeostasis in the female mouse LG as evidenced by smaller 

area containing acini, decreased acinar cell size, altered acinar cell shape, and decreased cell 

proliferation. All these changes are consistent with a disease process causing cellular 

damage indicated by changes in E-cadherin that results in cell death. The dead cells are not 

replaced as cell proliferation is impaired. The stem cell transcription factor array showed 

significant decreases in the stem/progenitor cell markers exclusively expressed in epithelial 

cells namely Pax6, Oct4 Sox2, Sox6, Sox9, Six2, Klf4, and Notch2. This result suggests that 

loss of TSP1 in the LG decreases function of the epithelial (ductal, acinar and/or 

myoepithelial) stem/progenitor cells. A partial loss of function of these transcription factors 

would delay stem cell activation and lead to reduced progenitor cell proliferation and as a 

result impaired LG regeneration in the TSP1−/− mice. Activation of inflammation also 

impacts the function of the stem/progenitor cells of epithelial and myoepithelial lineages. In 

agreement with these results on altered cellular homeostasis in female mouse LGs, we 

previously found increased apoptosis in 8 week-old male LGs from TSP1−/− mice (Turpie et 

al., 2009). TSP1 signals through CD47 to regulate cell proliferation and growth and the loss 

of TSP1 is correlated with reduced cellular proliferation in LG. These results imply that 

TSP1 increases cell proliferation in normal LG.

TSP1 is an exceedingly complex molecule and interacts with cell surface receptors, growth 

factors, cytokines, or extracellular matrix proteins thereby supporting a variety of functions 

within the cell. While it is clear that TSP1 is necessary in maintaining LG structure, it is not 

known if it is a direct effect of TSP1 or as a result of TSP1 regulation of signaling pathways 

to maintain cell polarity and differentiation.

The changes in LG cell structure and function detected in the present study in tissue sections 

and homogenate are most likely from acinar cells as they make up about 80% of the gland. 

These results are in contrast to results obtained in lung endothelial cells and retinal pigment 

epithelial cells in which cell proliferation was increased in TSP1−/− and CD47−/− mice 

(Farnoodian et al., 2015; Kaur et al., 2013). Thus the effects of TSP1 appear to be tissue 

specific.

From the results in Fig. 6 we believe that there are changes in progenitor/stem cell 

transcription factors between TSP1−/− and WT LG when all cell types were included. When 

myoepithelial cells alone were analyzed the changes in the number of cells on which the 

progenitor cell markers were located changed, but the cellular localization and co-

localization with myoepithelial cells did not change, nor did the amount of myoepithelial 

cells. Thus either the function of the myoepithelial population of progenitor cells could 

differ between WT and TSP1−/− mice or it could be the acinar cells themselves that are the 

progenitor cells and the target of the TSP1 induced disruption of homeostasis.
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In female TSP1−/− LGs cytokines are elevated at 12 weeks of age, the same age at which 

changes in cell homeostasis occur. To determine if in the female LG, LG dysfunction is 

driving the induction of inflammatory infiltrates rather than inflammation causing LG 

destruction or vice versa, additional younger ages must be studied. In contrast to the female, 

LG dysfunction prior to inflammatory cytokine elevation was observed in male TSP1−/− LGs 

(Turpie et al., 2009). Thus TSP1 in the extracellular matrix is needed for cell growth, 

proliferation, and survival along with intracellular TSP1 that could alter the cell cycle or 

interact with cell death pathways and activate TGFβ that maintains the anti-inflammatory 

environment. Our findings on cell homeostasis at 12 weeks differs from those of You et al. 

who found that an injection of IL-1β into the mouse LG causes massive cell death that is 

repaired by activation of LG progenitor cells and EMT (You et al., 2012). In the present 

study the small increase in IL-1 β at 4 weeks is probably not adequate to cause cell death. 

Once cytokines are elevated at 12 and 24 weeks, they could cause an additional effect on 

epithelial/ myoepithelial cell survival and function of stem/progenitor cells that have already 

been disrupted by the lack of TSP1−/−.

We previously demonstrated that in a normal, uninjured rat LG, progenitor cell markers are 

expressed in the LGs and that this expression overlapped with the expression of a 

myoepithelial cell marker, αSMA. We now extend these findings to the mouse LG. We 

found that the progenitor cell markers ABCG2, Musashi 1, Sox 2, nestin, Pax 6, CHX 10, 

and ΔpN63 are expressed in the LGs of 4, 12, and 24 week-old WT and TSP1−/− mice. As 

seen with rat LGs, these markers co-localized substantially with αSMA at all ages in WT 

and TSP1−/− mice.

Factors that regulate cell size are complex and varied and include many extracellular signals 

as well as the stage of the cell cycle and whether the cell is undergoing apoptosis. Olerud et 

al. have shown that β cells of the pancreas in TSP1−/− mice have a larger mass than of β 
cells in WT mice, while Kong et al. demonstrated that TSP1 had no effect the size of 

adipocytes (Kong et al., 2013; Olerud et al., 2011). In the LG, the size of acini in 12 and 24 

week old TSP1−/− mice were significantly smaller than acini from WT mice. Thus the 

effects of TSP1 on cell size appear to be cell type specific.

We conclude that the TSP1 regulates LG cell homeostasis as its absence alters acinar cell 

architecture, decreases cellular proliferation, increases IL1β, IL6, Th17, and IFNγ 
expression, alters stem cell transcription factor expression, and alters the transcriptional 

signature of stem/progenitor cells. We suggest that the function of the TSP1 protein in the 

LG is to maintain stem/progenitor cell function, and stimulate LG cell proliferation causing 

an increase in LG growth with increasing age. In the absence of TSP1, the function of 

epithelial/myoepithelial stem/progenitor cells is impaired which impacts LG regeneration, 

and results in loss of LG function. Future studies are needed to determine if there are 

functional changes in the myoepithelial cells themselves and which types of cells, acinar, 

ductal or myoepithelial, function as progenitor cells for the LG.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Changes in Cytokine Expression in Lacrimal Glands of TSP1−/− Compared to WT Mice
RNA was isolated from LGs of female TSP1−/− and WT mice and cDNA generated. qPCR 

was performed using primers for interleukin (IL)-1β (A), IL-6 (B), IL-17A (C), interferon γ 
(IFN-γ, D), and transforming growth factor (TGF)-α (E) in 4, 12, and 24 week old mice. 

Data are expressed as mean ± SEM from 3 mice. The number of cycles required to detect a 

fluorescent signal (cycle threshold, Ct) was measured and plotted for IL-1β (F), IL-6 (G), 

IL-17A (H), IFN-γ (I), and TGF-α (J) and GAPDH (K) at 4, 12, and 24 weeks old. * 

indicates significance from WT expression at the same age.
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Fig. 2. Structural Changes in Lacrimal Glands of TSP1−/− Compared to WT Mice
LGs of female WT and TSP1−/− mice at 4, 12, and 24 weeks of age were fixed, sectioned, 

and stained with hematoxyline/eosin (H&E). Representative micrographs of 4, 12 and 24 

week old mice are shown in A. * indicates lymphocytic loci. Magnification 200×. Inset 
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magnification 400×. Using these micrographs, 30 acinar cells were randomly identified (as 

shown by the arrows) in A and the area of the cell determined using Image J. Data in B is 

mean ± SEM from 5 mice for each age. The largest lacrimal gland area containing only 

acinar cells for each section is shown in C. In D, acinar cell area was also measured using 

Fuji. The largest lacrimal gland area containing only acinar cells was measured along with 

the number of nuclei in that area. The average area of acinar cells was calculated. Data are 

mean ± SEM from 5 mice for each age.* indicates significance difference from WT mice. 

Methods are described in detail in text.
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Fig. 3. Localization of E-Cadherin in Lacrimal Glands in TSP1−/− Compared to WT Mice
Lacrimal glands of female WT (A and C) and TSP1−/− (B and D) mice at 24 weeks of age 

were fixed, sectioned, and confocal microscopy was performed using an antibody against E-

cadherin (A and B). Green indicates E-cadherin; Circle in A identifies a normal acinus. 

Sections were also stained with aquaporin 5 (red in C and D) and heparin sulfate (green in C 
and D); blue indicates DAPI stained nuclei.
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Fig. 4. Cell Proliferation in Lacrimal Glands in TSP1−/− Compared to WT Mice
Female WT and TSP1−/− mice were injected with BrdU. Lacrimal glands were removed, 

fixed and stained using an anti-BrdU antibody. Representative micrographs are shown in A. 

Magnification 400×. Arrows indicate BrdU positive cells. BrdU positive cells were counted 

and data shown in B. Data are mean ± SEM from 5 animals. RNA was isolated from 12 

week old LGs of female WT and TSP1−/− mice and cDNA generated. qPCR was performed 

using primers for Ki67. Data are expressed as ratio of cytokines from TSP1−/− mice relative 

to WT mice from 3 mice and is shown in C. The number of cycles required to detect a 

fluorescent signal (cycle threshold, Ct) was measured and plotted in D. * indicates 

significance difference from WT mice.

Shatos et al. Page 24

Exp Eye Res. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. Amount of CD47 in Lacrimal Glands in TSP1−/− Compared to WT Mice
Lacrimal glands from female WT and TSP1−/− mice at 12 weeks old were removed, 

homogenized and proteins subjected to western blot analysis using antibodies against CD47 

and β-actin. Western blot is shown in A. Each lane represents an individual animal. Gels 

were scanned and amount of CD47 (B) was standardized to amount of β-actin. Data are 

mean ± SEM from 4 individual animals. RNA was isolated from 12 week old LGs of female 

WT and TSP1−/− mice and cDNA generated. qPCR was performed using primers for CD47. 

Data are expressed as ratio of cytokines from TSP1−/− mice relative to WT mice from 3 

mice and is shown in C. The number of cycles required to detect a fluorescent signal (cycle 

threshold, Ct) was measured and plotted in D. * indicates significant difference from values 

of WT mice.
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Fig. 6. Amount of Stem Cell Markers in Lacrimal Glands in TSP1−/− Compared to WT Mice
Lacrimal glands from female WT and TSP1−/− mice at 12 and 24 weeks old were removed, 

homogenized and proteins subjected to western blot analysis using antibodies against stem 

cell markers and β-actin. Western blots from 12 week old mice are shown in A–G. Each lane 

represents an individual animal. Gels were scanned and amount of the stem cell markers 

ABCG2 (A), Nestin (B), Sox 2 (C), Musashi1 (D), Pax 6 (E), CHX10 (F), and ΔNp63 (G) 

were standardized to amount of β-actin. Data shown in are mean ± SEM from 3 to 5 (12 

week) and 5–7 (24 week) individual animals. * indicates significant difference from values 

of WT mice.
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Fig. 7. Co-localization of ABCG2, Musashi1, Sox2, and Nestin with α-Smooth Muscle Actin in 
Lacrimal glands of WT and TSP1−/− Mice
Lacrimal glands from 12 to 24 week old female WT and TSP1−/− mice were fixed, 

sectioned, and confocal microscopy was performed. In 12 week old mice antibodies against 

ABCG2 (A), Musashi1 (B), and Sox2 (C) (each shown in red) and α-smooth muscle actin 

(shown in green) were used while an antibody against nestin was used in 24 week old WT 

and TSP1−/− mice (D). Please note that the ABCG2, Musashi1, Sox2, and nestin 
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micrographs are from Supplemental Fig. 1. Magnification 900×. Micrographs are 

representative of three individual animals.
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Fig. 8. Amount of α-Smooth Muscle Actin in Lacrimal Glands in TSP1−/− Compared to WT 
Mice
Lacrimal glands from female WT and TSP1−/− mice at 12 weeks old were removed, 

homogenized and proteins subjected to western blot analysis using antibodies against α-

smooth muscle actin and β-actin. Western blot is shown in A. Each lane represents an 

individual animal. Gels were scanned and amount of α-smooth muscle actin was 

standardized to amount of β-actin. Data shown in B are mean ± SEM from 3 individual 

animals.
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Table 1

Genes over - expressed in TSP1−/− LG compared to control WT LGs.

Gene symbol Fold regulation P value

Pax5 2.0461 0.016034

Irx4 1.8064 0.022325

Jun 1.7801 0.016034
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Table 2

Genes under-expressed in TSP1−/− LGs compared to control WT LGs.

Gene symbol Fold regulation P value

Pou4f1 −8.2158 0.020132

Tert −4.9222 0.013001

Sox6 −4.5896 0.000543

Lmx1b −2.8346 0.004942

Notch2 −2.5289 0.003041

Six2 −2.4534 0.018252

Vdr −2.0034 0.00217

Pax6 −1.5878 0.007417

Runx1 −1.5846 0.006034

Sox9 −1.5601 0.027305

Klf4 −1.543 0.044424

Genes with multiple undetermined Ct values in both KC and control samples were excluded. Only significant results with p < 0.05 are presented in 
Tables 1 and 2 Three independent analyses were performed.
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