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Abstract

The Ron receptor tyrosine kinase regulates multiple cellular processes and is important during

mammary gland development and tumor progression. Hepatocyte growth factor-like protein

[HGFL] is the only known ligand for the Ron receptor and recent studies have identified major

roles for HGFL during breast cancer metastasis. Understanding the functional importance HGFL

during mammary gland development will provide significant insights onto its contribution during

tumor development and metastasis. In this study, we assessed the role of HGFL during postnatal

mammary gland development using mice that were either proficient [HGFL+/+] or deficient

[HGFL−/−] for HGFL. Postnatal ductal morphology and stromal cell associations were analyzed

at multiple time points through puberty until adulthood. HGFL deficiency resulted in several

mammary gland developmental defects including smaller Terminal End Buds [TEBs],

significantly fewer TEBs, and delayed ductal outgrowth during early puberty. Additionally, HGFL

deficient animals exhibited significantly altered TEB epithelial cell turnover with decreased

proliferation and increased apoptosis coupled with decreased TEB diameter. Macrophage

recruitment to the TEBs was also significantly decreased in the HGFL−/− mice compared to

controls. Moreover, the levels of STAT3 mRNA as well as the phosphorylation status of this

protein were lower in the HGFL−/− mammary glands compared to controls. Taken together, our

data provide the first evidence for HGFL as a positive regulator of mammary gland ductal

morphogenesis by controlling overall epithelial cell turnover, macrophage recruitment, and

STAT3 activation in the developing mammary gland. With a function in early mammary gland
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development, HGFL represents a potential target for the development of novel breast cancer

therapies.
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1. Introduction

The mammary gland is a complex structure composed of epithelial and stromal cells that

include fibroblasts, adipocytes, endothelial cells, nerve cells, and migratory leukocytes

[macrophages and eosinophils] (Gouon-Evans et al., 2002). The development of a mammary

gland is a highly regulated and intricate process that occurs throughout the life of an animal,

beginning in the embryo and continuing postnatally during puberty, pregnancy, lactation,

and involution (Richert et al., 2000). During embryonic development, a rudimentary

mammary gland ductal structure invades the mesenchymal tissue and remains dormant until

approximately 21 days of age, where the onset of ovarian hormone secretions stimulate

ductal growth (Richert et al., 2000). Terminal end bud structures [TEB] are found

exclusively in the developing mammary gland and are the main driving force for mammary

gland development. During puberty, TEB formation and side branching drive mammary

gland epithelial cell invasion into the mammary fat pad (Sternlicht, 2006). Additional

primary ducts are formed through bifurcation of existing TEBs. Trailing ducts sprout

secondary branches, while short tertiary branches form off of the developed secondary

branches (McNally and Martin, 2011). This extension of ductal branching into the

surrounding fat pad continues until the entire fat pad is filled.

Pubertal mammary gland morphogenesis integrates a balance of epithelial cell proliferation,

differentiation, and apoptosis (McNally and Martin, 2011). In addition, several studies have

identified the interactions between mammary epithelial cells, mesenchymal cells, and

leukocytes to be crucial for the proper postnatal development of the mammary ductal tree

(Gouon-Evans et al., 2002; Gouon-Evans et al., 2000; Sternlicht, 2006; Wiseman and Werb,

2002). Interestingly, studies have shown that processes important in mammary gland

development are often deregulated during breast cancer tumorigenesis (Lanigan et al., 2007;

Micalizzi et al., 2010). Thus, understanding the complex signaling network as well as the

interactions between the different cell types during mammary gland development will be

vital for elucidating the mechanisms underlying breast cancer progression and metastasis.

Mammary gland development is dependent on many growth factors that target receptor

tyrosine kinases, including epidermal growth factor [EGF], insulin-like growth factor [IGF],

and hepatocyte growth factor [HGF] (Garner et al., 2011). EGFR, IGFR, and HGFR [also

known as c-Met], the tyrosine kinase receptors associated with these growth factors, have

also been found to be associated with poor prognosis in breast cancer (Chrysogelos and

Dickson, 1994; Lengyel et al., 2005; Resnik et al., 1998). In studies with EGFR impaired

kinase activity, a decrease in branching and ductal extension and hence overall mammary

gland development was observed compared to wild type controls (Sebastian et al., 1998).
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Studies using mice that lacked the IGFR ligand, IGF, showed that mammary gland

development was not possible without IGF, suggesting its central role in this process (Ruan

and Kleinberg, 1999). Using a conditional deletion of c-Met receptor that inhibited HGF

signaling, it was shown that loss of HGF signaling leads to a 35% reduction in overall

branching morphogenesis (Garner et al., 2011). Hepatocyte growth factor-like protein

[HGFL] shares 45% amino acid homology to HGF (Wagh et al., 2008). Because of the

similarities between HGF and HGFL and the established importance of growth factors and

their associated receptor tyrosine kinases during mammary gland development, we chose to

study the effects of HGFL in this context.

The Ron receptor tyrosine kinase, a member of the c-Met family of receptor tyrosine

kinases, is overexpressed in about 50% of primary breast cancers (Wagh et al., 2008).

Previously, our laboratory has shown the Ron receptor to be important during both

mammary gland development (Meyer et al., 2009) as well as during breast cancer

tumorigenesis (McClaine et al., 2010; Peace et al., 2005; Zinser et al., 2006). HGFL, also

known as macrophage stimulating protein [MSP], is the only known ligand for Ron (Bezerra

et al., 1993; Wang et al., 1994) and was initially identified as a chemotactic protein capable

of inducing macrophage shape change, chemotactic migration, and phagocytosis (Leonard

and Skeel, 1976). In a recent study, HGFL was also shown to function as a macrophage

chemoattractant in a rat kidney inflammatory model (Rampino et al., 2007).

HGFL is predominantly produced by the hepatocytes and is secreted into the bloodstream as

an inactive single chain polypeptide precursor, pro-HGFL. Pro-HGFL then works in an

endocrine fashion, when locally cleaved by proteases of the coagulation cascade (Leonard

and Danilkovitch, 2000; Wang et al., 1994b) or by matriptase expressed on macrophages

(Bhatt et al., 2007), to form an active heterodimer. HGFL-dependent Ron activation results

in receptor dimerization and trans-autophosphorylation of key tyrosine residues, leading to

activation of downstream signaling targets such as STAT3, Akt, MAPK, and β-catenin,

which are shown to be important in both mammary gland development and breast cancer

tumorigenesis (Wagh et al., 2008). Interestingly, Ron activation has been shown to increase

STAT3 phosphorylation (Danilkovitch-Miagkova, 2003; Gurusamy et al., 2013) and

mammary epithelial-specific STAT3 activation has been shown to regulate the number of

macrophages recruited to the developing mammary gland (Hughes et al., 2012).

Furthermore, STAT3 in macrophages has been shown to regulate the production of

inflammatory cytokines and ultimately the tissue microenvironment (Akira, 2000).

Interestingly, the coordinated expression of Ron, HGFL, and the protease matriptase has

been shown to be a strong independent indicator of both metastasis and poor prognosis in

breast cancer patients (Welm et al., 2007). In addition, HGFL expression by tumor cells has

been shown to increase the spectrum of metastasis using an orthotopic mouse model of

breast cancer (Welm et al., 2007).

Although the Ron receptor was previously shown to be a critical negative regulator of

mammary gland ductal morphogenesis (Meyer et al., 2009), the importance of HGFL during

mammary gland development was not assessed. In this study, we hypothesized that loss of

HGFL will augment mammary gland ductal morphogenesis, similar to the phenotype

observed with Ron loss. Our data reported here documents HGFL expression in both the
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epithelial and stromal compartments of a developing mammary gland. Interestingly, we

found that lack of HGFL expression delayed early mammary gland ductal growth at puberty

and is associated with decreased cell proliferation and increased cell apoptosis in the TEBs

as well as with decreased macrophage association within the epithelial and stromal cells

surrounding the TEBs. Taken together, our studies indicate that HGFL mediated signaling is

important for early mammary gland ductal morphogenesis, for proper epithelial cell

turnover, and for the recruitment of macrophages to the developing mammary gland.

2. Results

2.1 HGFL is expressed in both epithelial and stromal cell compartments during mammary
gland development

To examine the importance of HGFL in mammary gland development, the expression of

HGFL was characterized in whole mammary glands during early development. Similar

levels of HGFL mRNA expression were observed in wild type [HGFL+/+] mammary glands

at 3, 5, and 7 weeks of age [Figure 1A]. The subcellular expression pattern of HGFL was

further determined in isolated fractions of epithelial cells, mature adipocytes, and

macrophages by qRT-PCR. HGFL expression was detected in the various cellular

compartments isolated from HGFL+/+ mammary glands, including the epithelial cells and

macrophages and, to a lesser extent, in mature adipocytes [Figure 1B].

Immunohistochemical detection of HGFL in wild type mammary glands showed staining in

both the epithelial and stromal compartments with specificity of staining confirmed with the

use of a HGFL-specific blocking peptide [Figure 1C]. Furthermore, the expression of Ron

receptor was not different between HGFL+/+ and HGFL−/− glands at 3, 5, and 7 weeks of

age, suggesting that receptor expression is not altered to compensate for the loss of ligand

[Figure 1D]. Overall, our data demonstrate that HGFL is expressed in both the epithelial and

stromal cell compartments during mammary gland development and that HGFL deficiency

does not alter Ron expression in the developing mammary gland.

2.2 HGFL deficiency delays early postnatal mammary gland development

To determine the functional significance of HGFL during mammary gland development, the

growth patterns of HGFL+/+ and HGFL−/− mammary glands were examined at multiple

developmental time points, ranging from 3, 4, 5, 6, 7, 8 to 10 weeks of age. HGFL−/−

mammary glands exhibited significantly stunted ductal outgrowth during the juvenile [3

weeks] and pubertal time points [4–5 weeks]. However, by adulthood, ductal outgrowth of

HGFL−/− glands equalized to that observed in HGFL+/+ glands, occupying similar regions

of the fat pad [Figure 2A and 2C (Richert et al., 2000)]. Accordingly, the primary ductal

length, measured from the base of the nipple to the furthest TEB for 3–4 week old mice,

showed a significant reduction in the HGFL−/− mammary glands compared to controls

[Figure 2B]. Analogous to the ductal outgrowth observed at 3–4 weeks of age, primary

ductal length past the lymph node was reduced in HGFL−/− mammary glands at 5 weeks of

age when compared to controls [Figure 2C]. During the mid-to-late stage of pubertal

mammary development [6–10 weeks], the primary ductal length past the lymph node was

similar between HGFL+/+ and HGFL−/− mammary glands [Figure 2C]. Overall, these

results suggest that HGFL is not necessary for the establishment of the rudimentary ductal
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tree during the neonatal period, but mediates ductal outgrowth during puberty until

adulthood, at which point HGFL−/− glands reach full outgrowth similar to HGFL proficient

counterparts.

To further evaluate developmental progress, we measured the diameter of TEBs, the number

of TEBs, and branching morphogenesis in HGFL+/+ and HGFL−/− mammary glands.

Interestingly, decreases in TEB diameter were observed in pubertal HGFL−/− mammary

glands when compared to control counterparts, suggesting that HGFL deficiency reduces the

number of epithelial cells in the TEB [Figure 3A]. In addition, mammary glands from HGFL

−/− mice exhibited a significant decrease in the number of TEBs at 3 weeks of age when

compared to HGFL+/+ controls [Figure 3B]. No significant differences were observed in the

formation of secondary and tertiary structures from the primary duct throughout postnatal

development until adulthood [Figure 3C and 3D]. These data suggest that HGFL deficiency

delays early mammary gland ductal morphogenesis, while mammary gland branching

morphogenesis remains unaltered in the absence of HGFL.

2.3 Normal mammary gland epithelial cell turnover depends on HGFL

Normal postnatal mammary gland development is balanced by periodic proliferation of the

TEB epithelial cells and removal of TEB epithelial cells by physiological cell death (Strange

et al., 2001). As TEB size was significantly smaller in HGFL−/− mammary glands

compared to wild type controls throughout puberty, we sought to determine if HGFL

partakes in the regulation of epithelial cell proliferation and/or cell death within TEBs. We

performed Ki67 and TUNEL analysis, respectively, on the isolated HGFL+/+ and HGFL−/−

mammary glands at 3, 5, and 7 weeks of age [Figure 4A and 4C]. The number of Ki67

positive or TUNEL positive cells within the TEBs between the two genetic groups was

counted as the percentage of positively stained cells to the total number of cells in the TEBs.

The data are represented as an average of the percentage of positive cells per group [Figure

4B and 4D]. A significant decrease in epithelial cell proliferation was observed in the HGFL

−/− TEBs compared to controls [Figure 4A and 4B]. Additionally, a significant increase in

epithelial cell death was observed in HGFL−/− mammary gland TEBs compared to controls

[Figure 4C and 4D]. Overall, these results suggest that HGFL ablation delays early postnatal

mammary gland development, in part, by altering the overall epithelial cell turnover in the

TEB of the mammary gland.

2.4 HGFL−/− mammary glands have fewer macrophages surrounding TEBs of the
developing mammary gland compared to HGFL+/+ glands

We next sought to determine if alterations in macrophages might contribute to the

diminished development of the epithelial ductal tree in HGFL−/− mammary glands.

Interactions between epithelial cells and macrophages in the TEBs have been shown to play

a major role in tissue remodeling during mammary gland development by regulating TEB

formation, TEB outgrowth, and the branching of the associated ducts (Gouon-Evans et al.,

2000). F4/80 immunohistochemical staining for macrophages was performed on 3, 5, and 7

week HGFL+/+ and HGFL −/− mammary glands [Figure 5A]. The number of macrophages

within the TEBs as well as the surrounding stromal region was determined and is depicted in

Figure 5B and 5C. The number of macrophages recruited to both the stroma surrounding the
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TEBs as well as within the TEBs was significantly lower in HGFL−/− mammary glands

compared to HGFL+/+ [Figure 5B and 5C]. Consistent with this finding, qRT-PCR analysis

of F4/80 in mammary glands from 7-week mice revealed decreased expression of F4/80 in

the HGFL−/− glands when compared to the HGFL+/+ controls [Figure 5D]. These data

demonstrate that HGFL deficiency leads to decreased recruitment of macrophages within

and around the TEBs of the developing mammary gland, suggesting that HGFL regulates

ductal extension throughout puberty by controlling macrophage recruitment during

development. qRT-PCR analysis was also performed from glands at 7 weeks to identify

signaling differences between HGFL+/+ and HGFL−/− mammary glands that may influence

macrophage recruitment. The expression of the monocyte recruitment chemokines,

monocyte chemoattractant protein-1 [MCP-1] and Interleukin 6 [IL-6], were significantly

reduced in HGFL−/− mammary glands when compared to the HGFL+/+ glands [Figure 5E].

Furthermore, the receptor for MCP-1, C–C chemokine receptor type 2 [CCR-2], also

exhibited significantly reduced mRNA expression in HGFL−/− mammary glands compared

to age-matched controls [Figure 5E]. Together, our data suggest that HGFL ablation alters

macrophage recruitment to the mammary gland by regulating chemoattractant expression.

2.5 HGFL-mediated Ron signaling in the mammary gland is associated with increased
STAT3 mRNA expression and phosphorylation status

Given that Ron is upstream of STAT3 and that STAT3 expression in mammary epithelial

cells can promote macrophage recruitment to the mammary gland (Hughes et al., 2012) and

regulate MCP-1 expression (Potula et al., 2009), the expression of STAT3 was characterized

in HGFL+/+ and HGFL−/− mammary glands. The expression of STAT3 mRNA was

significantly reduced in HGFL−/− mammary glands compared to controls [Figure 6A].

However, Western analysis did not detect differences in the levels of the total protein

between groups [Figure 6B]. Interestingly, the levels of the phosphorylated STAT3 protein

[pSTAT3] were significantly different between groups, with increased pSTAT3 detected in

the HGFL+/+ mammary glands compared to HGFL−/− glands [Figure 6B]. To determine

the cell type specification of pSTAT3 in the mammary gland tissue, immunohistochemical

staining of pSTAT3 was performed on mammary glands from HGFL+/+ and HGFL−/−

animals [Figure 6C]. The expression of pSTAT3 was primarily restricted to the epithelial

cells of the TEB, as shown in Figure 6C. Quantification of the percent of pSTAT3 positive

cells showed a significant decrease in pSTAT3 positive epithelial cells in HGFL−/− TEBs

compared to the HGFL+/+ mice and a significant decrease in pSTAT3 in HGFL−/−

surrounding stromal cells compared to controls [Figure 6C]. Overall, our results suggest that

HGFL-dependent Ron signaling within mammary epithelial and stromal cells regulates

STAT3 signaling and is correlated with increases in macrophage recruitment and ductal

extension [Figure 6C].

3. Discussion

The ability of the mammary gland to undergo normal development and proper lobulo-

alveolar remodeling during pregnancy is critical for the reproductive health of an animal.

Mammary gland development is a highly regulated process distinct from the development of

other organs, since much of the ductal and branching morphogenesis occurs postnatally with
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the onset of puberty rather than in utero (LaRocca et al., 2011). Among the many factors

involved in mammary gland development, a number of receptor tyrosine kinases and their

associated ligands have been shown to play important roles. Most importantly, the receptors

of these ligands have been shown to be factors important in breast tumorigenesis.

The Ron receptor and its only known ligand, HGFL, have been strongly correlated as

prognostic indicators of breast cancer progression and metastasis, associated with poor

patient outcome (Maggiora et al., 1998; Welm et al., 2007). Previous studies from our

laboratory investigating the role of the Ron receptor tyrosine kinase in mammary gland

development showed that loss of Ron signaling in mice resulted in increased ductal

extension at 6 and 7 weeks of age and increased secondary and tertiary branching at 6, 7,

and 8 weeks of age when compared to Ron expressing control mice (Meyer et al., 2009).

Since HGFL is the only known ligand for the Ron receptor, we investigated whether HGFL-

dependent Ron activation affects ductal and branching morphogenesis during mammary

gland development. Using the HGFL+/+ and HGFL−/− mice, we found that HGFL was

important for proper mammary gland organogenesis, with the initial formation of the

rudimentary ductal tree during embryonic development being HGFL-independent. Our study

also showed that HGFL affected postnatal development by regulating mammary gland

ductal extension as well as the number of TEBs present at the onset of puberty. The role of

HGFL as a positive regulator of mammary gland development is characteristic of

information that has been shown with other growth factors, such as EGF (Sebastian et al.,

1998) and HGF (Garner et al., 2011).

Interestingly, the results obtained from the HGFL−/− animals do not coincide with those

examining Ron receptor loss during mammary gland development, wherein Ron loss led to

exaggerated branching morphogenesis (Meyer et al., 2009). Given that the Ron receptor is

capable of crosstalk with other receptor tyrosine kinases, like c-MET and EGFR, in the

presence or absence of HGFL, loss of the Ron ligand may be less detrimental for mammary

gland development compared to Ron receptor loss (Danilkovitch-Miagkova and Leonard,

2001; Follenzi et al., 2000; McCleese et al., 2013). In HGFL deficient mice, Ron

transactivation through heterodimerization with other receptor tyrosine kinases [RTKs] may

be operant (Meyer et al., 2009). Furthermore, different mutations in the tyrosine kinase

domain of RTKs have been shown to generate biologically distinct phenotypes (Grundler et

al., 2005), further supporting the complex mechanisms through which RTKs can signal. Our

data presented in this paper show the importance of HGFL signaling through an intact Ron

receptor, suggestive that the ligand dependent activation of Ron promotes mammary gland

development. However, the functional differences observed in the ligand dependent and

independent roles of the Ron receptor as well as the differences in tyrosine kinase signaling

during mammary gland development warrants further investigation.

Pro-HGFL is produced by the hepatocytes and released into the circulation, where it is

cleaved and activated locally at target sites. Localized expression of HGFL in the various

stromal and epithelial cells of the mammary gland was detected at the level of both mRNA

and protein [Figure 1B and 1C], suggestive of potential autocrine and paracrine signaling

roles of the ligand during mammary gland development. This is important, since recent
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studies have linked autocrine secretion of HGFL to lung and breast tumor metastasis (Sato et

al., 2013; Welm et al., 2007).

Mammary gland postnatal development depends upon both periodic proliferation and

removal of mammary epithelial cells (Strange et al., 2001). Our study showed that HGFL

ablation decreased epithelial cell proliferation and increased epithelial cell death in the TEB

concomitant with decreased TEB size, illustrating the importance of HGFL in proper

mammary epithelial cell growth and mammary gland development. In addition to mammary

epithelial growth, proper postnatal mammary gland development also relies on the functions

of several stromal cell types, including fibroblasts, adipocytes, and inflammatory infiltrates

(Gouon-Evans et al., 2002; Wiseman and Werb, 2002). A major inflammatory cell type

infiltrating the mammary glands is the macrophage, which has been shown to play important

roles during ductal elongation and branching (Gouon-Evans et al., 2002). Previous studies

using different inflammatory model systems have shown HGFL to be a monocyte/

macrophage chemoattractant to injured tissues (Nanney et al., 1998; Rampino et al., 2007).

In our model system, we observed a significant decrease in the mRNA expression levels of

the monocyte chemoattractant MCP-1 and its receptor, CCR-2, in mammary glands isolated

from HGFL−/− mice [Figure 5E]. Similarly, IL-6 mRNA levels were also significantly

reduced in HGFL−/− mammary glands. Furthermore, the number of macrophages

infiltrating the HGFL−/− mammary glands was significantly reduced compared to the

controls [Figure 5A, 5B, and 5C]. These data collectively emphasize the importance of

HGFL as a macrophage chemoattractant to the TEBs of the developing mammary gland that

may then promote the ductal extension as well as the proliferation, maintenance, and/or

differentiation of the mammary gland (Gouon-Evans et al., 2000; Hughes et al., 2012;

Sternlicht, 2006).

Studies have shown that MCP-1 gene expression is regulated in a STAT3-dependent manner

(Potula et al., 2009). Interestingly, in our model we observed a significant reduction in the

levels of pSTAT3 in both epithelial cells of TEBs and surrounding stromal cells of the

HGFL−/− mammary glands compared to the controls [Figure 6C]. The expression of

pSTAT3 was primarily restricted to the epithelial cells of the TEBs. Previous studies on

mice containing epithelial specific STAT3 deletions have shown STAT3 to have effects on

the inflammatory signature of the mammary gland as well as on the polarization of the

macrophages to an alternatively activated phenotype during mammary gland involution

(Hughes et al., 2012). In macrophages, STAT3 has been shown to be responsible for

stimulating anti-inflammatory responses, thus regulating the tissue microenvironment

(Akira, 2000). This is significant as a recent study in a cancer system demonstrated that Ron

expression in tumor-associated-macrophages promotes alternative macrophage [M2]

activation and represses the activity of cytotoxic CD8+ T cells, driving tumorigenesis in an

immunosuppressive microenvironment through increased activation of STAT3 (Gurusamy

et al., 2013). Furthermore, STAT-3 activation in breast cancer is predominantly mediated

through the actions of IL-6 (Berishaj et al., 2007), which was reduced in the developing

mammary gland with loss of HGFL [Figure 5E]. Additional Ron downstream signaling

pathways were examined in the HGFL−/− mouse model. However, MAPK, β-catenin, and

Akt protein expression in the mammary gland were not altered with loss of HGFL during
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puberty (data not shown). These prior studies and our results support the contention that the

epithelial and stromal cell-type specific HGFL-mediated Ron activation promotes the

phosphorylation of STAT3 and subsequently influences the number of macrophages

recruited to the developing mammary gland. The importance of HGFL-mediated regulation

of STAT3 activation and macrophage recruitment during pregnancy, lactation, and

involution and tumorigenesis has yet to be evaluated.

Taken together, the results reported herein provide the fundamental importance of HGFL in

normal mammary gland development that may be extended to understand mammary

tumorigenesis. An important phenotype observed in these studies, which would be vital for

understanding mammary tumorigenesis, is the influence of HGFL on the number of TEBs

observed at the onset of puberty. The TEBs are structures shown to contain a special

population of pluripotent stem cells, which ultimately differentiate to form the various cell

layers of the epithelial duct (Smalley and Ashworth, 2003). The TEBs are permanently

replaced with terminal ducts and alveolar buds in the adult gland. However, the adult gland

has been reported to retain the mammary gland stem cell population capable of giving rise to

epithelial precursor cells (Ball, 1998). Evaluation of the role of HGFL on regulating the

number of TEBs as well as the stem cell pluripotency and differentiation will aid in

understanding its role during breast tumor initiation and progression. In conclusion, we have

shown HGFL to be a positive regulator of mammary gland development by controlling

ductal extension through both the epithelial cell turnover and the STAT3-mediated

macrophage recruitment to the developing mammary gland.

4. Experimental Procedures

4.1 Animals

HGFL−/− mice have been previously described (Bezerra et al., 1998). The animals were

backcrossed 8 generations onto the FVB/N background for studies described herein. Age

matched FVB/N mice were used as wild-type controls for all our experiments. All

experiments involving animals were performed under protocols approved by the

Institutional Animals and Use Committee of the University of Cincinnati.

4.2 Whole mount and histological analyses

Mammary glands from 3, 4, 5, 6, 7, 8, and 10-week-old virgin female HGFL+/+ and HGFL

−/− mice [n=6–18 per genotype] were harvested. One inguinal gland was prepared for whole

mount morphological analysis, while another inguinal gland was fixed in formalin and

processed for paraffin sectioning and histology. The thoracic glands were frozen for RNA

and protein analysis. For whole mount preparation, glands were spread on glass slides and

fixed overnight in Carnoy’s fixative, then hydrated in graded series of ethanol before being

stained overnight with Carmine Alum (Meyer et al., 2009). After staining, glands were

dehydrated in a graded series of ethanol and then cleared in Xylene before mounting with

Permount [Thermo Fisher Scientific, Waltham, MA, USA]. Whole mount images were

taken with a Leica DFC295 camera [Leica Microsystems Ltd., Buffalo Grove, IL, USA] on

a Leica KL-200 LED stereoscope [Leica Microsystems Ltd.] and ductal elongation

measured using Image Pro Insight Software [Media Cybernetics, Rockville, MD, USA]. For
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histological analysis, the glands were fixed overnight in 10% neutral buffered formalin, then

switched to 70% ethanol, processed, and embedded in paraffin. Histological images were

taken with a Zeiss AxioCam MRc5 camera attached to an Olympus BX41 microscope

[Olympus, Center Valley, PA, USA] using the Axiovision Rel. 4.8 software [Carl Zeiss

MicroImaging, GmbH, Germany].

4.3 Immunohistochemistry

Formalin fixed and paraffin embedded mammary glands sectioned at 4µm thickness were

used for immunohistochemical staining of HGFL [Santa Cruz Biotechnology, Texas, USA],

HGFL blocking peptide [Santa Cruz Biotechnology], pSTAT3 Y-705 [Cell Signaling,

Danvers, MA, USA], Ki67 [Thermo Fisher Scientific, Waltham, MA, USA], and F4/80

[eBiosciences, San Diego, USA]. The tissue sections were deparaffinized and rehydrated

with antigen retrieval carried out using citrate buffer [HGFL, Ki67, and pSTAT3] or

proteinase K [F4/80], depending on the nature of the antigen being detected. The sections

were blocked for endogenous peroxidase activity by incubating in 0.5% hydrogen peroxide

in methanol for 15 minutes. After blocking for non-specific binding sites using 10% normal

serum solution for an hour at RT, the tissue sections were incubated in primary antibody

overnight at 4°C. The slides were washed in 1X PBS and labeled with biotinylated

secondary antibody [Vector Laboratories, Burlingame, CA]. The tissues were then incubated

with prepared ABC solution [Vector Laboratories, Burlingame, CA] for 30 minutes. The

sections were developed for brown color using 3–3’-diaminobenzidine substrate [Sigma, St.

Louis, MO, USA]. The stained sections were counterstained with Heamatoxylin,

dehydrated, and mounted. Images of 2–7 fields per section were captured using the Zeiss

AxioCam MRc5 camera attached to an Olympus BX41 microscope [Olympus, Center

Valley, PA, USA] and Axiovision Rel. 4.8 software [Carl Zeiss MicroImaging, GmbH,

Germany]. The number of Ki67, pSTAT3, and F4/80 positive cells between the two genetic

groups was counted per field [TEB], the percentage of positive cells to the total number of

cells was quantified, and the data was represented as the average percentage of positive cells

per TEB per group.

For TUNEL analyses, the rate of cell death in the HGFL+/+ and HGFL−/− mammary gland

sections was detected using the Apoptag Plus Peroxidase In-situ Apoptosis kit per

manufacturer’s instructions [Millipore, Billerica, MA, USA]. Images of 2–5 fields per

section were captured as above. The number of TUNEL positive cells between the two

genetic groups was counted per field [TEB], the percentage of positive cells to the total

number of cells in the TEB was quantified, and the data was represented as the average

percentage of positive cells per TEB per group.

4.4 Ductal extension, terminal end buds [TEBs], and branch quantification

Whole mount images of 3, 4, 5, 6, 7, 8, and 10-week-old HGFL+/+ and HGFL−/− inguinal

mammary glands were obtained using a Leica DFC295 camera [Leica Microsystems Ltd.]

on a Leica KL-200 LED stereoscope [Leica Microsystems Ltd.] and Image Pro Insight

Software [Media Cybernetics, Rockville, MD, USA]. Using the Image Pro Insight software,

ductal extension was measured starting from the center of the lymph node to the furthest

TEB at the leading edge of the mammary epithelium for 5, 6, 7, 8, and 10 week old inguinal
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mammary glands, while ductal extension in 3 and 4 week old inguinal mammary glands was

measured from the base of the nipple to the furthest TEB at the leading edge of the

mammary epithelium. Mammary whole mount images were used to measure the terminal

end bud diameters of the two genetic groups using Axiovision Rel. 4.8 software and ImageJ

software [ImageJ 1.44p, National Institute of Health, USA], and the data was represented as

the mean TEB diameter in micrometers. The number of terminal end buds of the two genetic

groups was counted using the ImageJ software. For branch quantification, the longest

primary duct above the lymph node was used to count the number of secondary and tertiary

branches. A secondary branch was defined as any branch that bifurcates off this primary

duct, while a tertiary branch was defined as any branch that bifurcates off of the secondary

branches that extend from this primary duct.

4.5 Primary mammary cell isolations

A single-cell suspension of freshly isolated explants of combined inguinal and thoracic

mammary glands from 5-week-old HGFL+/+ or HGFL−/− mice [n=4 in each group] were

obtained by mechanical dissociation and enzymatic digestion with collagenase IV. The

digestion was carried out on a magnetic stirrer at 37°C for 2 hours. The cell suspension was

then used for the isolation of the mature adipocytes, epithelial, and immune cell fractions

using differential centrifugation and antibody coated magnetic beads. For mature adipocyte

isolation, the single cell suspension was centrifuged at 1000rpm for 5 minutes at 4°C and the

top layer containing the mature adipocytes was skimmed and collected for RNA isolation.

The remaining single cell suspension enriched for the epithelial and stromal cellular

fractions was centrifuged at 120 x g for 5 minutes at 4°C. The supernatants from the spin

were enriched for the immune cells while the pellet contained the epithelial and fibroblastic

cells. The supernatant was collected and centrifuged at 800 × g for 11 minutes at 4°C to

pellet the tumor-infiltrating immune cell fraction. The pelleted cells were then resuspended

in plain RPMI media and subsequently utilized for macrophage isolation using CD11b

magnetic beads per manufacturer’s instructions [Miltenyi Biotec GmbH, Bergisch Gladbach,

Germany] and collected for RNA isolation. For isolation of epithelial cells, the pelleted cells

obtained from the 120g spin were resuspended in 1X PBS and pulse spun at 1200rpm for

15s, the supernatant was collected, and the spins were repeated for an additional 3 times.

The pellet at the end of the pulse spins contained the epithelial cells.

4.6 Western analyses

Thoracic mammary glands from 3 week old HGFL+/+ and HGFL−/− mice were

homogenized in RIPA buffer [20 mM Tris-HCl, pH 7.4, 37 mM NaCl, 2 mM EDTA, 1%

Triton X-100, 10% Glycerol, 0.1% SDS, 0.5% Sodium deoxycholate in 1X PBS]

supplemented with protease inhibitors [Complete tablets, Roche, Indianapolis, IN, USA] and

phosphatase inhibitors [Sodium orthovanadate, Sigma Aldrich, St. Louis, MO, USA]. The

samples were then centrifuged at 14,000rpm for 10 min at 4°C and the supernatant collected.

Western analysis was performed as previously described (Meyer et al., 2010) using anti-

phospho-STAT3 Y-705 and total STAT3 from Cell Signaling Technology [Danvers, MA,

USA] and anti-C4 actin antibody [CCHMC, Cincinnati, USA]. To detect primary antibodies,

peroxidase-conjugated anti-mouse or anti-rabbit secondary antibodies [Jackson
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ImmunoResearch, West Grove, PA, USA] were used. Secondary antibody detection was

performed using the Pierce ECL Kit [Pierce Biotechnology, Rockford, IL, USA].

4.7 Quantitative real time PCR [qRT-PCR] analysis

RNA was isolated from whole glands, purified epithelial cells, macrophages, and mature

adipocytes using the TRIZOL method. Purified RNA was placed in a cDNA reaction using

the high capacity cDNA kit [Applied Biosystems, Foster City, CA, USA] according to

manufacturer’s instructions. The following primer pairs were used for the measurement of

transcript levels: mHGFL: 5'-TGGAAAGGGTGCGAGT-3' and 5'-

GCTGTGGCATCAAAACCT-3'; mSTAT3 5′;-GAA GACCAAGTTCATCTGTGTG-3′;

and 5′-GTAGCACACTCCGAGGTCAGAT-3′; mMCP-1 5’-

GCCCCACTCACCTGCTGCTA-3’ and 5’-TTTACGGGTCAACTTCACATTCAA-3’;

mRON 5’-TCCCATTGCAGGTCTGTGTAGA-3’ and 5’-

CGGAAGCTGTATCGTTGATGTC-3’; F4/80 5’-

GAGATTGTGGAAGCATCCGAGAC-3’ and 5’-

GATGACTGTACCCACATGGCTGA-3’; mIL-6 5’-TTGGTCCTTAGCCACTCCTTC-3’

and 5’-TAGTCCTTCCTACCCCAATTTCC-3’; mCCR-2 5’-

AGCACATGTGGTGAATCCAA-3’ and 5’-TGCCATCATAAAGGAGCCA-3’; and

mGUS 5’-TTGAGAACTGGTATAAGACGCATCAG-3’ and 5’-

TCTGGTACTCCTCACTGAACATGC-3’, which was used as an internal control. Relative

gene expression normalized to the internal control is reported.

4.8 Statistical analyses

All data was represented as the mean of the samples ± Standard Error of the Mean [SEM].

Statistical significance was determined by Student’s t -test using GraphPad Prism [GraphPad

Software, San Diego, CA, USA]. P<0.05 was considered significant for all analyses.
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Research Highlights

• HGFL is expressed in both the epithelial and stromal compartments of

developing murine mammary glands.

• HGFL deficiency delays early postnatal mammary gland ductal elongation.

• HGFL deficiency alters epithelial cell turnover in the TEB throughout puberty

by decreasing cell proliferation and increasing cell apoptosis.

• HGFL loss leads to decreased macrophage recruitment to the terminal end buds

of the developing mammary gland.

• HGFL promotes the expression and activation of STAT3 during mammary

gland development.
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Figure 1. HGFL is expressed in both the epithelial and stromal cell compartments during
mammary gland development
(A) qRT-PCR analysis for HGFL mRNA expression from 3, 5, and 7 week old HGFL+/+

virgin mouse mammary glands. Mammary glands from 7 week old HGFL−/− mice served as

the negative control and the mouse hepatocyte cell line AML12 served as the positive

control. Expression levels were normalized to mGUS as an internal control and the relative

expression of HGFL mRNA is shown. (n=2–5 per group). (B) qRT-PCR analysis for HGFL

mRNA expression using RNA isolated from epithelial, mature adipocyte, and macrophage

Gurusamy et al. Page 17

Mech Dev. Author manuscript; available in PMC 2015 August 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



cell fractions from 5 week old HGFL+/+ mammary glands. RNA isolated from HGFL−/−

purified epithelial cells was used as a negative control. Expression levels were normalized to

mGUS and the relative expression of HGFL mRNA is shown. (n=2–4 per group). (C)
Immunohistochemical detection of HGFL (αT-19) in 5-week-old HGFL+/+ mammary gland

sections. HGFL positive cells stain brown. HGFL expression was localized to TEB

epithelial cells and stromal cells surrounding the TEBs. Antibody specificity for HGFL was

confirmed with the inclusion of a HGFL blocking peptide (αT-19 P) to the IHC. Scale

bar=100µm. (D) qRT-PCR analysis for Ron mRNA expression using RNA isolated from 3,

5, and 7 week old age matched HGFL+/+ and HGFL−/− mammary glands. Expression

levels were normalized to mGUS and relative expression of Ron mRNA is shown. (n=4–8

per group). Bars depict average values ± SEM.
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Figure 2. HGFL deficiency delays early postnatal mammary gland development
(A)Inguinal mammary glands isolated from age matched HGFL+/+ and HGFL−/− female

mice at multiple developmental time points were examined by whole mount analysis.

Images of representative whole mounts of HGFL+/+ and HGFL−/− inguinal mammary

glands at 3, 5, and 7 weeks of age illustrate the mammary gland ductal network. Black

arrows point to the nipple region of the rudimentary mammary gland at 3 weeks of age,

while the white arrows show the parameters used for ductal extension measurements as

described in the Materials and Methods section. Images illustrate the stunted epithelial

penetration of the mammary fat pads in the HGFL−/− mammary glands in early puberty.

The mammary lymph node (LN) is indicated for orientation. Scale bar=2mm. (B and C)
Mammary gland ductal extension at multiple developmental time points was quantified as

described in the Materials and Methods section and the histogram represents the average per

group. Error bars represent ± SEM. *P<0.05 compared to the corresponding control group.

(n=5–18 per group).
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Figure 3. HGFL deficiency delays early postnatal mammary gland development
As described in the Materials and Methods section, the size of Terminal End Buds (A),
number of Terminal End Buds (B), the number of secondary branches (C), and the number

of tertiary branches (D) were quantified and graphed as averages for each group. Error bars

represent ± SEM. *P<0.05 compared to the corresponding control group. (n=3–16 per

group).
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Figure 4. Epithelial cell turnover in the normal mammary gland depends on HGFL
(A) Immunohistochemical staining for Ki67 on 3, 5, and 7 week old age matched HGFL+/+

and HGFL−/− mammary gland sections. Brown staining in the TEBs represents the Ki67

positive cells. Scale bar = 100µm. (n=6–15 per group). (B) Quantification of the average

percent of Ki67 positive cells in TEBs of HGFL+/+ and HGFL−/− mammary glands. (C)
Immunohistochemical staining for TUNEL on 3, 5, and 7 week old age matched HGFL+/+

and HGFL−/− mammary gland sections. Brown staining in the TEBs represents the TUNEL

positive cells. Scale bar=10µm. (n=3–5 per group). (D) Quantification of the average percent

of TUNEL positive cells in the TEBs of HGFL+/+ and HGFL−/− mammary glands. (n=4–

28 fields/TEBs from a minimum of 3 mice per group). Histograms represent the average per

group ± SEM. *P<0.05 compared to the corresponding control group.
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Figure 5. HGFL+/+ mammary glands have increased association of macrophages in both the
epithelial and stromal areas surrounding the TEBs of the developing mammary gland
(A) Immunohistochemical staining for F4/80 on 3, 5, and 7 week old age matched HGFL+/+

and HGFL−/− mammary gland sections. Brown staining on the sections represents the F4/80

positive cells. Scale bar=20µm. (n=8–19 fields/TEBs with a minimum of 4 mice per group).

(B) Quantification of the average percent of macrophages in the TEBs and (C) the average

percent of macrophages in the stroma surrounding the TEBs in HGFL+/+ and HGFL−/−

animals. (D) qRT-PCR analysis for F4/80 in 7 week old HGFL+/+ and HGFL−/− mammary

glands. Expression levels were normalized to mGUS and relative expression of F4/80
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mRNA is shown. (n=5–8 per group). (E) qRT-PCR analysis for IL-6, MCP-1, and CCR-2 in

7 week old HGFL+/+ and HGFL−/− mammary glands. Expression levels were normalized

to mGUS and relative expression of IL-6, MCP-1, and CCR-2 mRNA is shown ± SEM.

(n=4–13 per group). *P<0.05 compared to the corresponding control group.
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Figure 6. HGFL-mediated Ron signaling in the mammary gland is associated with increased
STAT3 mRNA expression and protein phosphorylation
(A) qRT-PCR for STAT3 in 3 week old HGFL+/+ and HGFL−/− mammary glands.

Expression levels were normalized to mGUS and relative expression of STAT3 mRNA is

shown. (n=3 per group). (B) Western analyses for pSTAT3, total STAT3, and actin on 3

week old HGFL+/+ and HGFL−/− mammary glands. Each lane represents an individual

mouse (n=3 per group). The right inset shows the relative densitometric quantification of

pSTAT3 relative to total STAT3 from the immunoblotting analysis. (C)
Immunohistochemical analysis of pSTAT3 localization using an anti-pSTAT3 antibody in 3

week old HGFL+/+ and HGFL−/−mammary gland sections. Brown staining in the TEBs as

well as in the stromal region shows positive pSTAT3 staining. Scale bar=100µm. Right inset

shows quantification of the average percent of pSTAT3 positive epithelial cells in the TEBs

(left panel) and surrounding stromal cells (right panel) of HGFL+/+ and HGFL−/−

mammary glands ± SEM. (n=7–25 fields/TEBs with a minimum of 5 mice per group).

*P<0.05 compared to the control group.
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