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Abstract  

Breast cancer (BrCa) is the malignant tumor that most seriously threatens female health; however, the 

molecular mechanism underlying its progression remains unclear. Here, we found that conditional deletion of 

HIC1 in the mouse mammary gland might contribute to premalignant transformation in the early stage of 

tumor formation. Moreover, the chemokine CXCL14 secreted by HIC1-deleted BrCa cells bound to its novel 

cognate receptor GPR85 on mammary fibroblasts in the microenvironment and was responsible for activating 

these fibroblasts via the ERK1/2, Akt, and neddylation pathways, whereas the activated fibroblasts promoted 

BrCa progression via the induction of the epithelial–mesenchymal transition (EMT) by the CCL17/CCR4 axis. 

Finally, we confirmed that the HIC1-CXCL14-CCL17 loop was associated with the malignant progression of 

BrCa. Therefore, the crosstalk between HIC1-deleted BrCa cells and mammary fibroblasts might play a 

critical role in BrCa development. Taken together, exploring the progression of BrCa from the perspective of 

microenvironment will be beneficial for identifying the potential prognostic marker of breast tumor and 

providing the more effective treatment strategy. 

Keywords: Breast cancer, HIC1, CXCL14, CCL17 
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Introduction 

Breast cancer (BrCa) is the most frequently diagnosed malignant tumor in women worldwide and represents 

the main cause of cancer-related death (1). Although systematic therapeutic approaches have decreased cancer-

specific mortality, BrCa is still associated with high rates of cancer recurrence and metastasis (2). Therefore, 

exploring the mechanism underlying BrCa progression may be beneficial for diagnosis and treatment of the 

disease.   

Recently, increasing evidence has shown that an appropriate tumor microenvironment (the soil) is 

necessary for the optimal growth of tumor cells (the seed) (3, 4). The tumor microenvironment includes 

various types of stromal cells that play a pivotal role in cancer progression (4). Among these cells, cancer-

associated fibroblasts (CAFs) are the most abundant cell type involved in tumor development, orchestrating 

proliferation, invasion and neoangiogenesis (5, 6). Notably, CAFs exhibit a mesenchymal-like phenotype and 

promote the metastasis of both premalignant and malignant mammary epithelial cells in BrCa (7). It is well 

accepted that CAFs are mainly derived from normal-associated fibroblasts (NAFs) and that they are induced 

by cancer-secreted cytokines such as TGF-β and CXCL12/SDF-1 (8) or by loss of the expression of tumor 

suppressor genes such as PTEN, TP53, CDKN1A and CAV1 (9-13). Reciprocally, the activated CAFs can 

cause BrCa epithelial cells to progress to more malignant stages (6, 14). Since it is accepted that the stroma is 

more genetically stable than cancerous epithelial cells, targeting the collateral interactions of CAFs may offer 

therapies that are less prone to the development of resistance. Therefore, focusing on the role and mechanism 

of CAFs in BrCa may provide a novel strategy for the treatment of BrCa patients. 

Hypermethylated in cancer 1 (HIC1) is a tumor suppressor gene located at 17p13.3. HIC1 resides 

completely within a CpG island that is frequently hypermethylated in human tumors, including breast, prostate 

and lung cancer (15-17). HIC1 is located close to telomeric TP53, which is a sequence-specific transcriptional 

repressor belonging to the BTB/POZ and C2H2 zinc finger family (18). The N-terminal BTB/POZ domain of 

HIC1 is responsible for protein–protein interactions that are crucial for its biological function, and the C-

terminal zinc finger domains are involved in sequence-specific binding to an HIC1-responsive element (HiRE) 

with a TGCC or GGCA core motif (19, 20). It has been reported that epigenetic silencing of HIC1 is one of 

the most common events in human cancer (15, 16, 21). Moreover, conventional knockout mice with 

homozygous deletion of HIC1 display embryonic lethality at mid-gestation (22), whereas heterozygous 

mutants develop a range of spontaneous tumors in an age-dependent manner (23). As a transcription factor, 

several downstream target genes of HIC1 have been identified; these include ACKR3, CXCR4, EFNA1, SNAI2, 

SIRT1 and IL6, which are associated with the modulation of angiogenesis, proliferation and metastasis (16, 

19, 21, 24-26). In previous work, we showed that HIC1 expression is silenced only in highly malignant triple-
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negative breast cancer (TNBC) compared with other molecular subtypes of BrCa and that this silencing 

induces autocrine secretion of LCN2 that facilitates BrCa progression (21). However, the role and mechanism 

underlying the effect of HIC1 loss on modulation of the tumor microenvironment remain unsettled, but they 

are crucial to exploring the function of HIC1 in BrCa progression. 
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Results 

HIC1 deletion induces hyperplasia and lactogenic defects in mammary gland in vivo  

Although our previous work indicated that HIC1 is silenced in some human cancers, including TNBC (16, 21, 

26), its intrinsic role and the mechanism of its action in BrCa progression remain unknown. Here, to investigate 

the role of HIC1 in mammary gland malignant development in vivo, we generated Hic1-/- conditional knockout 

mice by crossing Hic1fl/fl mice with Wap-Cre mice in which Cre recombinase expression is driven by the 

mammary-specific whey acidic protein (Wap) promoter, which is activated at mid-pregnancy in luminal 

epithelial cells. The Cre-positive Hic1fl/fl mice were used as the Hic1-/- group, and their Cre-negative Hic1fl/fl 

littermates, which were designated Hic1+/+, were used as controls (Supplemental Figure 1A). Western blot 

and RT-qPCR assays indicated that HIC1 deletion occurred only in mammary epithelium and not in liver, 

lung or muscle (Supplemental Figure 1B). Notably, using whole-mount staining at 4 M, 8 M and 12 M mice, 

we found striking hyperplastic abnormalities in the mammary ductal trees of Hic1-/- mice compared with their 

Hic1+/+ littermates (Figure 1A and Supplemental Figure 1C). Similarly, H&E-stained sections of the animals’ 

mammary glands showed that the epithelial layers in Hic1-/- mice were thicker than those in Hic1+/+ mice 

(Figure 1B). This effect was largely due to an increased population of epithelial cells. This was confirmed by 

immunofluorescence staining showing marked expression of the luminal marker keratin 8 (K8) (Figure 1C). 

In addition, greatly increased numbers of proliferative cells were observed in Hic1-/- mice compared with 

controls using Ki67 and cyclin D1 staining (Figure 1D). Moreover, deletion of HIC1 in MCF7 luminal BrCa 

cells increased their ability to form vasculogenic networks on matrigel (Supplemental Figure 1G and Figure 

2B). In contrast, restoration of HIC1 expression in MDA-MB-231 TNBC cells had the opposite effect 

(Supplemental Figure 1H). These findings indicate that HIC1 deletion may be associated with the 

premalignant development of mammary gland tissue. 

Unexpectedly, we observed that pups born to Hic1-/- dams had lower weights than those reared by Hic1+/+ 

dams, although their 48 h survival rates did not differ (Supplemental Figure 1D). This suggested that profound 

lactogenic defects might be present in Hic1-/- dams. Mammary gland whole mounts obtained from Hic1-/- dams 

at L6 were smaller than those obtained from controls (Supplemental Figure 1C), indicating a deficiency in the 

amounts of secretory products. H&E staining of mammary glands showed the presence of lipid droplets in 

Hic1+/+ dams (red arrows), whereas the Hic1-/- glands contained very few lipid droplets (Supplemental Figure 

1E). Oil-Red O staining further indicated that the alveoli of Hic1-/- glands did not contain significant quantities 

of milk fat (Supplemental Figure 1F). These data suggest that HIC1 deletion also induces lactogenic defects 

in mammary glands in vivo. 

Finally, based on the data in the TCGA database, we observed that HIC1 mRNA levels were significantly 

lower in BrCa tissues than in normal tissues from the same patients in 113 cases (Figure 1E). Consistent with 
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our previous results (21), HIC1 mRNA levels were lower in 123 TNBC cases than in 972 non-TNBC patients 

in the TCGA database (Figure 1E). Furthermore, the expression of HIC1 was also observed to be decreased 

in high-grade BrCa tissues compared with low-grade tissues both in the TCGA database and in an Oncomine 

dataset (Zhao Breast) (Figure 1E and Supplemental Figure 1I). Using the Kaplan-Meier method followed by 

the log-rank test, we further confirmed that HIC1 deletion correlates with lower relapse-free survival (Figure 

1F) (27). These data suggest that HIC1 deletion is associated with poor prognosis of BrCa.     

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               

HIC1-deleted BrCa cells induce the activation of stromal fibroblasts in mammary gland  

It has been reported that HIC1 deletion may play a role in modulating the stromal microenvironment by 

causing stromal cells to secrete specific factors (16, 21). We explored whether HIC1-deleted mammary gland 

epithelial cells have the ability to affect stromal fibroblasts. Notably, Hic1-/- mice were found to have markedly 

activated fibroblasts in their mammary gland stroma compared with Hic1+/+ mice based on an evaluation of 

the expression of α-smooth muscle actin (α-SMA), which is frequently used as a classical marker of CAF in 

solid tumors (8, 28) (Figure 2A). To confirm this effect in vitro, HIC1-deleted MCF7 and T47D luminal BrCa 

cells (hereinafter referred to as MCF7Ctrl/MCF7sgHIC1 or T47DCtrl/T47DsgHIC1) were obtained using the 

CRISPR-Cas9 system (Figure 2B), and primary mammary fibroblasts were freshly isolated from 4 human 

BrCa central and peripheral tumor areas (denoted as CAFs or NAFs, respectively) (Figure 2C). Figure 2C 

shows that the expression of α-SMA was higher in CAF2, 6, 8 and 10 than it was in the respective NAFs, 

albeit the expression of the other two CAF markers, fibroblast activation protein (FAP) and platelet-derived 

growth factor receptor α (PDGFRα), did not follow the same trend. Next, a co-culture system was used to 

simulate the in vivo situation. In this system, primary NAFs were placed in the lower chambers of a transwell 

apparatus, and MCF7Ctrl/MCF7sgHIC1 or T47DCtrl/T47DsgHIC1 cells were re-plated in the upper chambers 

(Figure 2D). After 4 days, we performed Western blot assays and immunofluorescence staining and found 

that, compared with the respective controls, expression of the CAF markers, especially α-SMA, was 

dramatically increased in NAF6 cells that were co-cultured with MCF7sgHIC1/T47DsgHIC1 cells; the phenotypes 

of the cells were highly similar to those of primary CAFs (Figure 2E and 2F). Together, these data suggest 

that HIC1-deleted BrCa cells can directly induce the activation of stromal fibroblasts in mammary gland in 

vivo and in vitro.  

 

CXCL14 is a direct target gene of HIC1 

Next, to identify potential downstream targets of HIC1, we analyzed the published data on the genome-wide 

transcriptome profiles of MDA-MB-231HIC1/MDA-MB-231GFP and HBL-100shHIC1/HBL-100shNC cells using 

Agilent Whole Human Genome Microarrays (21) (Supplemental Figure 2A). Among the differentially 

expressed genes encoding cytokines, eight genes that may participate in the activation of mammary fibroblasts 
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were identified (Figure 3A and Supplemental Figure 2B). RT-qPCR was performed to assay the expression 

of these eight genes at the mRNA level in MCF7sgHIC1/MCF7Ctrl, T47DsgHIC1/T47DCtrl and MDA-MB-

231HIC1/MDA-MB-231GFP cells. Chemokine CXCL14 was chosen as a potentially relevant cytokine based on 

results showing that altering HIC1 expression in these cells markedly modulated CXCL14 expression at both 

the mRNA and protein levels compared with the controls (Figure 3A and 3B, and Supplemental Figure 2B). 

CXCL14 expression was also greatly increased in Hic1-/- mice at the mRNA and protein levels (Figure 3A 

and Supplemental Figure 2C). Similarly, the expression of Sirt1, a classical downstream gene of HIC1, was 

also observed to be enhanced in Hic1-/- mice (Figure 3A). These findings suggest that CXCL14 expression is 

modulated by HIC1. 

Given that HIC1 functions as a repressive transcription factor and directly binds to the promoter regions 

of target genes (20), we inferred that CXCL14 is a potential downstream target induced by HIC1. Indeed, as 

shown in Figure 3C, 11 putative HIC1-binding sites (TGCC/GGCA) were identified in the CXCL14 promoter. 

We constructed a series of CXCL14-truncated promoter/reporter fusion plasmids containing progressive 

deletions of the 5’ region of the gene from -2000 to +136 (Figure 3C). These constructs were then transfected 

together with the pcDNA3.1-His or the pcDNA3.1-HIC1 expression vector into 293T and MCF7 cells, and 

the promoter activities were measured using luciferase reporter assays. Figure 3D shows that when transfected 

into 293T and MCF7 cells, the construct containing the full-length CXCL14 promoter resulted in higher 

activity than the basic construct. Moreover, transient transfection of the cells with HIC1 markedly inhibited 

CXCL14 promoter activity (Figure 3D) in a dose-dependent manner (Supplemental Figure 2D). The inhibitory 

effect of HIC1 on CXCL14 promoter activity in both cell lines was maintained in all the truncated constructs, 

including -2000/+136, -726/+136, -276/+136, and -41/+136 (Figure 3E). These results suggest that the 

regulatory region in the HIC1-mediated repression may be located within the -41 bp to +136 bp region of the 

CXCL14 promoter, which contains two putative HIC1 binding sites, M1 and M2 (Supplemental Figure 2E). 

We mutated both sites (GGGCA to AAATG) to abolish HIC1 binding (Supplemental Figure 2E). 

Supplemental Figure 2F shows that only the construct in which site M1 was mutated significantly decreased 

the repressive capacity of HIC1, suggesting that the putative M1 site in the CXCL14 promoter is essential for 

the HIC1-mediated inhibitory effect on CXCL14 expression. Finally, to further determine whether the 

CXCL14 promoter is indeed directly bound by HIC1, ChIP assays were performed in MCF7 and T47D cells 

using an antibody against HIC1. The pulled-down DNA was amplified by ordinary PCR and RT-qPCR (Figure 

3F) with primers that were designed based on the -41/+136 region of the CXCL14 promoter (Supplemental 

Figure 2E, underlined sequences). As shown in Figure 3F, the CXCL14 promoter was markedly enriched in 

the HIC1-immunoprecipitated MCF7 and T47D chromatin but absent from the chromatin that was 

immunoprecipitated by the control rabbit IgG. Taken together, these results demonstrate that HIC1 directly 
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represses CXCL14 transcription. 

 

CXCL14 derived from HIC1-deleted BrCa cells mediates the activation of mammary fibroblasts  

To explore whether CXCL14 activates mammary fibroblasts, various concentrations of rhCXCL14 were used 

to treat the primary mammary fibroblasts NAF2 and NAF6 cells. Western blot assays and 

immunofluorescence staining showed that NAF2 and NAF6 cells were markedly activated after the treatment 

with rhCXCL14; the phenotypes of the treated cells were very similar to those of the primary corresponding 

CAF2 and CAF6 cells that were used as the positive controls (Figure 4A and 4B). Similarly, immortalized 

NAF10 cells stably overexpressing CXCL14 were observed to be activated (Figure 4A). Moreover, CXCL14 

treatment had an activating effect on NAF6 cells similar to that of CXCL12, but the effect was weaker than 

the effect observed after TGF- treatment (Supplemental Figure 3A). Both CXCL12 and TGF- are usually 

considered to be activators of mammary fibroblasts. In contrast, the addition of a neutralizing antibody to 

CXCL14 (αCXCL14) to the co-culture system containing NAF6 cells and HIC1-deleted MCF7/T47D cells 

significantly suppressed the activation of NAF6 cells compared with the respective controls (Figure 4C). 

These results indicate that CXCL14 originating from HIC1-deleted BrCa cells plays a critical role in inducing 

the activation of mammary gland fibroblasts.  

Next, to investigate the effect of the HIC1/CXCL14 axis on BrCa progression in vivo, three MCF7 cell lines 

(Ctrl-NC, sgHIC1-NC, and sgHIC1-shCXCL14) were injected bilaterally into the fourth mammary fat pads 

of female BALB/c nude mice (Supplemental Figure 3B). Figures 4D and 4E show that both the volumes and 

the weights of the resulting tumors were greatly increased in the MCF7sgHIC1-NC group compared with the 

control MCF7Ctrl-NC group. However, knockdown of CXCL14 expression in MCF7sgHIC1 cells markedly 

rescued the HIC1 deletion-induced tumor burden compared with MCF7sgHIC1-NC cells. Moreover, IHC staining 

indicated that Ki67 and stromal α-SMA expression was greatly increased in MCF7sgHIC1-NC xenografts 

compared with the controls, whereas knockdown of CXCL14 expression in MCF7sgHIC1 cells markedly 

decreased the effects. These results were further confirmed by quantitative analysis (Figure 4F). Finally, using 

two Oncomine datasets, we found that the CXCL14 mRNA levels were higher in BrCa tissues (n = 93) than 

they were in normal breast tissues (n = 9) (Supplemental Figure 3C). Altogether, these data suggest that 

CXCL14 derived from HIC1-deleted BrCa cells mediates the activation of mammary fibroblasts and that this 

activation is responsible for BrCa progression. 

 

GPR85 is a novel functional receptor for CXCL14 activities 

Based on our in vitro and in vivo findings, we next explored the mechanism through which CXCL14 mediates 

the activation of mammary fibroblasts. Supplemental Figure 4A shows that the ERK1/2 and Akt/p70 S6K 
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pathways were significantly activated after rhCXCL14 treatment of NAF6 and NAF7 cells. CAF6 and CAF7 

cells were used as positive controls here. The ERK1/2 and Akt pathways were also activated in NAF6 cells 

when the cells were co-cultured with HIC1-deleted T47D cells (Supplemental Figure 4B). In contrast, the 

addition of αCXCL14 to the co-culture system abolished the effect (Supplemental Figure 4B), suggesting that 

the two pathways are potentially involved in the CXCL14-induced activation of mammary fibroblasts. To 

assess this possibility, two small-molecule inhibitors, U0126 (a MEK1/2 inhibitor) and LY294002 (a PI3K 

inhibitor), were used (Supplemental Figure 4C). Indeed, as shown in Supplemental Figures 4D-E and 

Supplemental Figures 5D, both U0126 and LY294002 obviously inhibited the expression of CAF markers not 

only in rhCXCL14-treated NAF6/NAF8/NAF10 cells but also in CAF10 cells, followed by inactivating the 

ERK1/2 and Akt pathways.  

Previous studies have noted that the neddylation pathway, a newly characterized posttranslational 

modification pathway, is activated in both lung and liver cancers (29, 30). We therefore explored whether this 

pathway is associated with the activation of mammary fibroblasts. Supplemental Figure 5A shows that the 

entire neddylation pathway was activated in CAF6/8 cells compared with the activity of the pathway in the 

respective NAFs. A slight activation of the neddylation pathway was also observed in NAF6 and NAF10 cells 

after treatment with rhCXCL14 for 4 days (Supplemental Figure 5B). Furthermore, when primary CAF10 or 

CXCL14-activated NAF10 cells were treated with the neddylation inhibitor MLN4924, expression of the CAF 

markers was markedly reduced as determined by both Western blot and immunofluorescence assay 

(Supplemental Figures 5C and 5D). These results suggest that the neddylation pathway is also involved in the 

activation of mammary fibroblasts. Taken together, the results presented here demonstrate that CXCL14 

secreted by HIC1-deleted BrCa cells activates mammary fibroblasts through the ERK1/2, Akt, and neddylation 

pathways. 

Given that the receptor of CXCL14 has not yet been identified, primary NAF6 cells were treated with 

biotin-CXCL14 to determine its potential receptor. Immunofluorescence assay showed that CXCL14 was 

localized on the cell membrane (Figure 5A), suggesting that a receptor on the fibroblast surface may mediate 

the biological effects of CXCL14. Next, HuProt™ human proteome microarrays containing 18,583 affinity-

purified N-terminally GST-tagged proteins were used to identify CXCL14-binding proteins (Figure 5B). 

Notably, approximately 3.1% of the proteins on the microarrays, including 32 membrane proteins, were found 

to bind CXCL14 (Supplemental Figures 6A-C). Ultimately, we focused on 2 known G protein-coupled 

receptors and 5 transmembrane receptors (JMJD6, ROBO3, KLRC1, TNFRSF10C, F2R, SLAMF6 and 

GPR85) (Figure 5C and Supplemental Figures 6D-E). Finally, as shown in Figure 5D, the orphan G protein-

coupled receptor GPR85 (also called super conserved receptor expressed in brain 2, SREB2) was selected and 

subsequently confirmed to bind to CXCL14 in NAF6 cells using streptavidin-agarose pulldown assays. RNAi-
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mediated silencing of GPR85 in NAF6 cells and its overexpression in 293T cells were performed to assay 

whether GPR85 is the functional receptor for CXCL14 (Supplemental Figures 6F and 6G). Being the accepted 

method for evaluating chemokine receptor activation (31), the calcium mobilization assay was used to measure 

changes in intracellular calcium ([Ca2+]i) upon CXCL14 stimulation. Figure 5E shows that NAF6 cells 

transfected with control siRNA (NC) responded to stimulation by both rhCXCL14 and rhCXCL12, whereas 

NAF6 cells transfected with GPR85-3 siRNA did not respond to rhCXCL14 but did respond to the positive 

control rhCXCL12. To evaluate the ability of CXCL14 to bind to GPR85, radioligand binding assays were 

next performed. Figure 5F shows that levels of specific binding for 125I-CXCL14 were markedly higher in 

293T-GPR85 cells than 293T-NC cells. Moreover, the high level of specific binding for 125I-CXCL14 in 

GPR85 transfectants could be competed by unlabeled CXCL14 (IC50 = 0.436 nM, 0.0851-1.976 nM, 95% 

confidence interval; Figure 5G). Unlabeled CXCL12 and CXCL3 with the highest sequence homology of 

CXCL14 among the CXC chemokine family, show approximately 30% identity of amino acids and 55% 

similarity to CXCL14 when conservative changes are taken into account (32), also competed for 125I-CXCL14 

binding with much less affinity (IC50 = 2.338 nM for CXCL12, and IC50 = 4.568 nM for CXCL3; Figure 

5G). Next, Western blot analysis demonstrated that rhCXCL14 markedly activated the Akt and ERK1/2 

pathways in NAF6-NC cells but not in NAF6-siGPR85 cells, whereas activation of these signaling pathways 

was still observed in NAF6-siKLRC1 cells (Figure 5H and Supplemental Figure 6I). Notably, rhCXCL12 

activated both the Akt and ERK1/2 pathways when GPR85 expression was reduced in NAF6 cells 

(Supplemental Figure 6H), suggesting that activation of the Akt and ERK1/2 pathways in NAFs by CXCL14 

depends on GPR85. Next, we assayed the ability of CXCL14 to induce the activation of mammary fibroblasts 

after silencing of GPR85 expression. Figure 5I shows that inhibition of GPR85 expression in NAF6 cells 

followed by treatment with increasing concentrations of rhCXCL14 for 4 days attenuated the activation of 

expression of CAF markers compared with the effects observed in NAF6-NC cells. Similar effects were also 

noted in NAF6 cells co-cultured with HIC1-deleted MCF7 cells; the BrCa cells had a stronger activating effect 

on NAF6-NC cells than on NAF6-siGPR85 cells (Figure 5J). Notably, knockdown of GPR85 expression in 

CAF6 cells inhibited CAF marker expression and Akt, ERK1/2 signaling (Supplemental Figure 6K). Besides, 

Western blot assays suggested that CXCL14-induced degradation of GPR85 occurs in NAF6 cells, whereas 

this effect was not observed after rhCXCL12 treatment (Supplemental Figure 6J). Taken together, these 

findings indicate that the effects of chemokine CXCL14 on the activation of mammary fibroblasts are 

dependent on GPR85, a novel functional receptor for CXCL14. 

To investigate whether GPR85 on NAFs could affect the growth and metastasis of BrCa in vivo, MDA-

231-LM2 cells mixed with NAF13-NC or NAF13-shGPR85-3 cells at a ratio of 3:1 were injected unilaterally 

into the fourth mammary fat pads of female BALB/c nude mice (Supplemental Figure 7A). Supplemental 
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Figures 7B and 7C show that both volumes and weights of the tumors were greatly decreased in the NAF13-

shGPR85-3 group compared with the control NAF13-NC group. Moreover, bioluminescence imaging of the 

harvested lungs demonstrated that lung metastasis was also markedly suppressed in the NAF13-shGPR85-3 

group compared with the control group (Supplemental Figure 7D), which was further confirmed using human 

cytokeratin staining of lung sections to assess human cancer cell metastasis (Supplemental Figure 7E). 

Collectively, these data suggest that GPR85 on NAFs significantly affects the growth and lung metastasis of 

TNBC xenografts. One possible explanation is that GPR85-deficient NAFs could not be activated by CXCL14 

secreted from the TNBC cells. Therefore, the data suggest that CXCL14/GPR85 axis is associated with growth 

and metastasis of TNBC. 

Next, using IHC staining, we assayed the stromal p-ERK, p-Akt (Ser 473) and NEDD8 expression in 

orthotopic MCF7 xenografts as described in Figure 4E and MDA-231-LM2+NAF13 xenografts as described 

in Supplemental Figure 7A. The staining reveals that the levels of stromal p-ERK, p-Akt (Ser 473) and 

NEDD8 were markedly increased in MCF7sgHIC1-NC xenografts compared with the respective controls, whereas 

knockdown of CXCL14 expression in MCF7sgHIC1 cells decreased these effects (Supplemental Figure 8A). 

Notable, these signaling pathways were similarly suppressed in the NAF13-shGPR85-3 group compared with 

the control NAF13-NC group (Supplemental Figure 8B), which were further confirmed by quantitative 

analysis (Supplemental Figure 8). In summary, the activation of stromal ERK, Akt and neddylation pathways 

were suppressed in vivo either by inhibiting CXCL14 secretion in BrCa cells or by reducing GPR85 expression 

on NAFs cells, indicating that the CXCL14/GPR85 axis is vital for activation of these signaling pathways. 

 

CXCL14-activated fibroblasts induce migration of BrCa cells via CCL17 

It has been reported that CAFs induce the migration of cancer cells by secreting cytokine-like molecules (6, 

14). Here, we found that CXCL14-activated NAF10 cells enhanced the migration of MDA-231-LM2 BrCa 

cells, similar to the function of primary CAF10 cells (Figure 6A). Next, we explored whether cytokines 

secreted by the CXCL14-activated fibroblasts are responsible for modulating the migration of BrCa cells. 

Cytokine arrays were used to detect the secreted soluble factors derived from conditioned medium (CM) of 

NAF10, CXCL14-activated NAF10, and CAF10 cells (Figure 6B). Fig. 6B shows that the levels of CCL17, 

IL-5 and angiopoietin-2 were significantly increased in the CM of both CXCL14-activated NAF10 and CAF10 

cells compared with the levels of these cytokines in the CM of NAF10 cells, suggesting that the cells may 

have similar phenotypes. Next, to assay the effects of these factors on BrCa cells, we used Boyden chambers 

in which MDA-231-LM2 cells were plated in the upper chambers and recombinant human CCL17, IL-5 or 

angiopoietin-2 were placed in the lower wells. The results showed that only CCL17 enhanced the migration 

of BrCa cells; the other two cytokines had no effect (Figure 6C). Consistent with the results obtained using 
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cytokine arrays, ELISA showed that CCL17 was secreted at high levels into the CM of CXCL14-activated 

NAF10 and CAF10 cells (Supplemental Figure 9A). However, the increased secretion of CCL17 was not 

markedly observed in NAF13 cells using RNAi-mediated silencing of GPR85 compared with the control cells 

after rhCXCL14 treatment. (Supplemental Figure 9B). As shown in Figure 6D, the addition of a neutralizing 

antibody to CCL17 (αCCL17) to the co-culture system dramatically suppressed the migration of BrCa cells 

compared with their respective controls. Furthermore, EMT phenotypes were observed in MCF7 and MDA-

231-LM2 cells after treatment with increasing concentrations of rhCCL17 for 4 days, as indicated by decreased 

E-cadherin expression, increased N-cadherin expression and markedly increased migration and invasion 

abilities (Figure 6E and Supplemental Figures 9C-E). Similarly, the migration abilities of MDA-MB-231 cells 

and breast epithelial cell MCF 10A cells were markedly enhanced by rhCCL17 treatment compared with the 

respective controls (Supplemental Figure 9F). These results confirm that CCL17 originating from CXCL14-

activated fibroblasts that display phenotypes similar to CAFs can facilitate the migration of BrCa cells and is 

potentially associated with EMT.  

It was recently shown that CCR4, as the receptor for CCL17, can induce the migration of hepatocellular 

carcinoma cells via the Akt signaling pathway (33). Our mechanistic analyses revealed that CCL17 also 

activates the Akt/GSK-3β pathways through its receptor, CCR4, in both MCF7 and MDA-231-LM2 cells 

(Figures 6F and 6G). Moreover, RNAi-mediated silencing of CCR4 in these cells markedly inhibited the 

development of the CCL17-induced EMT phenotype and the activation of Akt signaling (Supplemental Figure 

9G and Figure 6G), suggesting that the CCL17/CCR4 axis enhances EMT in BrCa cells through activation of 

the Akt/GSK-3β pathways. 

Finally, we observed that rhCCL17 greatly induced EMT of HIC1-deleted MCF7 BrCa cells, whereas it 

had little effect on the control cells, suggesting that HIC1 deletion in BrCa cells markedly increases their 

sensitivity to CCL17-induced EMT (Supplemental Figure 9H). 

 

CCL17 secreted by CAFs promotes lung metastasis of BrCa xenografts 

Based on the above observations, we next assayed the effect of CCL17 secreted by CAFs on BrCa metastasis 

in vivo. MDA-231-LM2 cells mixed with primary NAF8 or CAF8 cells were injected bilaterally into the 

fourth mammary fat pads of female BALB/c nude mice. Two weeks later, when the xenografts became 

palpable, control IgG or a neutralizing antibody against CCL17 (αCCL17) was injected into the mice via the 

tail vein every 3 days. The treatment was maintained for 30 days, and the mice were then euthanized (Figure 

7A and Supplemental Figure 10A). As shown in Figure 7B, bioluminescence imaging of the harvested lungs 

demonstrated that lung metastasis was markedly promoted in the CAF8+IgG group compared with the 

NAF8+IgG group. However, lung metastasis was greatly suppressed in the CAF8+αCCL17 group compared 
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with the CAF8+IgG group (Figure 7B), and this was further confirmed using human cytokeratin staining of 

lung sections to assess human cancer cell metastasis (Figure 7C). Furthermore, the expression of N-cadherin 

and vimentin was markedly increased in the orthotopic xenografts in the CAF8+IgG group compared with 

those in the NAF8+IgG group; however, the expression of both proteins was greatly reduced in the 

CAF8+αCCL17 group (Figure 7C). Notably, Kaplan-Meier analysis also indicated that αCCL17 treatment 

greatly increased the survival of the mice xenografted with MDA-231-LM2 cells mixed with CAF8 cells 

compared with IgG treatment (Figure 7D). Collectively, these data suggest that CCL17 secreted by CAFs 

promotes the lung metastasis of BrCa xenografts. 

Finally, we observed that the stromal CCL17 mRNA levels were higher in BrCa tissues (n = 53) than in 

normal breast tissues (n = 6) in an Oncomine dataset (Finak Breast) (Supplemental Figure 10B). Using the 

TCGA database, we also noted that total CCL17 mRNA levels were significantly higher in 133 BrCa tissues 

than in paired normal tissues (Supplemental Figure 10C). Furthermore, CCL17 expression was significantly 

increased in 123 high-metastatic TNBC tissues compared with low-metastatic luminal BrCa tissues 

(Supplemental Figure 10C). Using the Kaplan-Meier method followed by the log-rank test, we further 

confirmed that higher expression of CCL17 correlated with lower distant metastasis-free survival in 543 

systemically untreated patients (Figure 7E), whereas this correlation was not observed in all cases or 

systemically treated patients (data not shown) (27). These data imply that CCL17 expression is associated 

with poor prognosis of BrCa. 

 

The HIC1-CXCL14-CCL17 loop is associated with malignant progression in BrCa patients 

To determine whether our findings are clinically relevant, high-density tissue microarrays (TMA) containing 

228 benign and malignant cases from BrCa patients were used to examine the expression of epithelial HIC1, 

stromal CXCL14, stromal CCL17, stromal GPR85 and epithelial CCR4 (Supplemental Figure 11A). As 

shown in Figure 8A and Supplemental Figure 11B, there were fewer cases with high expression of epithelial 

nuclear HIC1 among malignant BrCa patients than they were among benign patients. Notably, HIC1 

expression was significantly associated with TNBC (P = 0.007 vs benign), which has the worst clinical 

prognosis among all breast cancer subtypes (Figure 8A and Supplemental Table 1). In particular, the 

expression of epithelial nuclear HIC1 correlated strongly with ER and PR expression (P < 0.001 and P = 0.001, 

respectively) (Supplemental Table 1). In contrast to HIC1, more cases with high expression of stromal 

CXCL14, stromal CCL17, stromal GPR85 and epithelial CCR4 were found among patients with malignant 

BrCa than in patients with benign diseases (Figure 8A; Supplemental Figures 11B and 11C). Interestingly, the 

expression of stromal CXCL14 was also markedly correlated with TNBC subtype and ER/PR expression (P 

= 0.017 vs benign, P = 0.001 and P < 0.001, respectively) (Figure 8A and Supplemental Figure 11B). 
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Expression of stromal GPR85 was significantly lower in benign/Luminal patients than HER2+/TNBC patients 

(Supplemental Figures 11B and 11C). Furthermore, the stromal CCL17 and epithelial CCR4 levels were 

higher in all three BrCa subtypes than benign patients, but there was no significant difference among the three 

subtypes (Figure 8A; Supplemental Figures 11B, 11C; Supplemental Table 1). Besides, the mRNA expression 

of stromal GPR85 and total CCR4 was all observed to be up-regulated in BrCa tissues compared with normal 

tissues in two Oncomine datasets and TCGA database (Supplemental Figures 11D and 11E). Thus, HIC1 and 

CXCL14/GPR85/CCL17/CCR4 expression are potential prognostic factors associated with poor prognosis of 

BrCa. 

Finally, we found that the cases that had high epithelial nuclear HIC1 levels often displayed low stromal 

CXCL14 or CCL17 expression and vice versa (Figure 8B). Spearman’s rank correlation coefficient analysis 

was performed to determine whether the observed differences in expression of the three proteins had statistical 

significance (Table 1). Indeed, there was an inverse correlation between epithelial HIC1 and stromal CXCL14 

levels and a positive correlation between stromal CXCL14 and CCL17 levels (Table 1). Moreover, CXCL14 

expression tended to be positively associated with the expression of CCL17 in Basal-like BrCa in the TCGA 

database (Supplemental Figure 11F). Collectively, especially with respect to the potential prognostic markers 

for the TNBC subtype, these data suggest that the HIC1-CXCL14-CCL17 loop is associated with malignant 

progression in BrCa patients.  
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Discussion  

The tumor suppressor gene HIC1 has been widely documented to play a vital role in the process of BrCa 

development (21, 25, 34, 35). However, the use of mice with a conditional knockout of HIC1 in the mammary 

gland to assay the specific function of the HIC1 gene in BrCa in vivo has not yet been reported. Here, we 

showed that conditional deletion of HIC1 in the mouse mammary gland may contribute to premalignant 

transformation at the early stage of tumor formation, inducing the formation of hyperplastic epithelium and 

increased expression of the proliferative markers Ki67/cyclin D1 in mammary gland. Mechanistically, loss of 

HIC1 expression in lung cancer contributes to malignant transformation through the acquisition of 

chromosomal instability (36), which suggests that it may also correlate with mammary gland tumorigenesis. 

Furthermore, it has been reported that HIC1 acts as a nuclear modulator of the Wnt signaling pathway by 

recruiting TCF-4 and β-catenin to HIC1 bodies to exert its suppression functions (37). Indeed, we found that 

overexpression of HIC1 could repress stemness of BrCa cells in vitro (data not shown). In addition, lactogenic 

defects of mammary glands were also observed in Hic1-/- mice; this defect may be associated with Wnt 

signaling, which plays a significant role in the self-renewal of mammary stem cells and in mammary gland 

development (38-40).  

It has been reported that BrCa cells and mammary fibroblasts cooperate and depend upon each other to 

promote the development of primary tumors to aggressive disease (41). In the work reported in this manuscript, 

we found that chemokine CXCL14 secreted by HIC1-deleted BrCa cells induces a functional conversion of 

NAFs to CAFs; in turn, the activated CAFs could promote metastasis of BrCa cells through secretion of the 

chemokine CCL17 (Figure 8C). Moreover, using breast tissue microarrays, we confirmed that the HIC1-

CXCL14-CCL17 loop is associated with malignant progression in BrCa patients. 

Chemokine (C-X-C motif) ligand 14 (CXCL14), a small cytokine belonging to the CXC chemokine 

family that is also known as BRAK (for breast and kidney-expressed chemokine). CXCL14 is responsible for 

the broad chemotactic activity in activated NK cells, dendritic cells, monocytes and macrophages (42-44). 

However, the effect of CXCL14 on cancer development remains controversial. Some reports have claimed 

antitumor and antiangiogenic effects of CXCL14 (45, 46), whereas others noted upregulated expression of 

CXCL14 in several cancer types, including BrCa and osteosarcoma (47, 48). A recent study also showed that 

CXCL14 expression in high stromal tissue but not in epithelial tissue is significantly associated with shorter 

survival in BrCa patients (49), raising the possibility that stromal CXCL14 may exert a pro-cancer role in 

BrCa progression (50). Moreover, a general association between the activation of mesenchymal cells and 

CXCL14 has been reported in that CXCL14 is upregulated in activated hepatic stellate cells, which are the 

main source of extracellular matrix and myofibroblast production (51). Here, we found that CXCL14 has the 
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novel role of activating mammary fibroblasts. It is well known that chemokines exert their effects by binding 

to specific transmembrane receptors, most of which are members of the seven-transmembrane, G protein-

coupled receptor family (GPCRs). Notably, the cognate receptor for chemokine CXCL14 has still not been 

definitively identified. In fact, the induction of calcium influx by CXCL14 in PGE-treated monocytes has been 

observed, suggesting that a GPCR may be involved in CXCL14 signal transduction (42). In this regard, using 

HuProt™ human proteome microarrays, we found that CXCL14 specifically binds to GPR85 on the cellular 

membrane of NAFs to exert its biological effects. GPR85, also known as SREB2, is a member of the highly 

conserved SREB receptor family. It is one of the orphan receptors which is the most evolutionarily conserved 

GPCR and shares 100% amino acid sequence identity in a number of species, including humans and mice (52). 

GPR85 has been reported to express virtually in all neurons but most abundantly in hippocampal dentate gyrus 

and subventricular zone of the amygdala (53). Interestingly, CXCL14 is also considered to be a primordial or 

ancient CXC chemokine based on sequence conservation among species and their homeostatic roles (54), 

which mediated functions within the developing central nervous system (CNS) included chemotaxis of 

neurons. Although the receptor for CXCL14 is as yet reported, but because conserved ligands tend to bind to 

conserved receptors (55), the receptor for CXCL14 is probably also conserved. So far, there is no article 

reporting the function or expression of GPR85 in any other tissues except CNS. Here, expression of GPR85 

protein in a variety of cells were observed, indicating that GPR85 levels in stromal cells (NAF/CAF13, Treg 

and macrophage) were higher than other cells (such as 293T, MCF7, Neuro-2A and THP-1 cells, data not 

shown), which suggest that GPR85 may play a vital role in microenvironment of BrCa. Furthermore, 

mechanistic analyses showed that the CXCL14/GPR85 chemokine axis is responsible for activating mammary 

fibroblasts through the ERK1/2, Akt, and neddylation pathways. Nevertheless, these pathways were found to 

be independent of each other in their activation of stromal fibroblasts (data not shown).  

Finally, we showed that both CAFs and CXCXL14-activated NAFs can induce migration in vitro and 

metastasis in vivo of BrCa cells by secreting the potential chemokine CCL17. C-C chemokine ligand 17 

(CCL17), originally known as thymus and activation-regulated chemokine (TARC), was shown to be 

expressed constitutively in thymus tissue and transiently in stimulated peripheral blood mononuclear cells 

(56). This chemokine is reported to specifically bind to and induce chemotaxis in T cells and to exert its effects 

by interacting with the chemokine receptor CCR4 (56, 57). CCR4 is a key receptor in the regulation of 

chemokine-dependent immune homeostasis and is selectively expressed by regulatory T cells and Th2 cells. 

Recent studies have shown that colon and breast cancer cells also express functional CCR4 receptors (58, 59) 

and that these receptors trigger remote induction of CCL17 in the lungs of mice and mediate CCR4-dependent 

pulmonary metastasis of BrCa cells (60). Among the stromal cells in the tumor microenvironment, tumor-

associated macrophages have been reported to promote the process of EMT in hepatocellular carcinoma cells 
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through the secretion of CCL17 (61). However, the role of the CCL17 secreted by CAFs in BrCa development 

is still unclear. Our data show that activated CAFs promote the migration of cancer cells in vitro and the 

metastasis of BrCa in vivo through the CCL17/CCR4 axis upon activation of the Akt/GSK-3β signaling 

pathway. 

Notably, we found that HIC1-deleted BrCa cells display increased sensitivity to the induction of EMT 

by CCL17 compared to the respective control cells, suggesting that the crosstalk between HIC1-deleted BrCa 

cells and mammary fibroblasts is vital for BrCa development.   

In conclusion, we find that the HIC1-CXCL14-CCL17-CCR4 loop is essential for BrCa progression. The 

activation of this loop in BrCa tissue may serve as a potential prognostic marker and may provide the basis 

for more effective treatment strategies.  
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Methods    

Cell culture  

MDA-MB-231, MCF7, T47D human breast cancer cells, MCF 10A human breast epithelial cells and 293T 

embryonic kidney cells were obtained from American Type Culture Collection (ATCC) and grown according 

to standard protocols. MDA-231-LM2 human breast cancer cells were kindly provided and cultured as 

recommended by professor J. Massague (Memorial Sloan-Kettering Cancer Center). Primary mammary 

fibroblasts were isolated from 13 cases of freshly removed BrCa patients, and additional details are described 

in the Supplemental data. The cell lines were tested and authenticated by DNA typing in Shanghai Jiao Tong 

University Analysis Core and were cultured in a 37 °C water-saturated 5% CO2 atmosphere.  

Mice 

The Wap-Cre transgenic mice with a C57BL/6 background were initially generated by Shanghai Biomodel 

Organism Science & Technology Development (SBOSTD) Co., Ltd. The Hic1flox/flox transgenic mice with a 

C57BL/6 background were kindly provided by Dr. Vladimir Korinek (Institute of Molecular Genetics, 

Academy of Sciences of the Czech Republic, Prague, Czech Republic) (62). All mice were kept under specific 

pathogen-free (SPF) conditions. To ameliorate any suffering of mice observed throughout these experimental 

studies, mice were euthanized by CO2 inhalation. The protocol is in accordance with the Animal Welfare 

Policy of Shanghai Jiao Tong University School of Medicine and approved by School of Medicine IACUC, 

the IACUC protocol number is A-2016-015. 

Generation of conditional knockout mice  

A Cre-mediated specific HIC1 gene deletion in luminal mammary epithelial cells was achieved by crossing 

Hic1flox/flox mice with Wap-Cre mice to produce Hic1flox/+/Wap-Cre+ mice. Double heterozygous Hic1flox/+/ 

Wap-Cre+ mice were then crossed with Hic1flox/flox mice to produce Hic1flox/flox/Wap-Cre+ mice. Next, 

Hic1flox/flox/Wap-Cre+ mice were bred with Hic1flox/flox mice to produce offspring that were used in our 

experiments. The Hic1flox/flox mice were used as the Hic1+/+ controls, and the Hic1flox/flox/Wap-Cre+ mice were 

used as the Hic1-/- group. To avoid problems in nursing pups that were caused by mothers with potentially 

defective mammary glands, only the male mice of the breeding pairs carried the Cre transgene. The genotypes 

of the offspring were determined by PCR amplification of DNA obtained from the tails of the animals. Primers 

for PCR-based genotyping are listed in the Supplemental Data. 

Luciferase reporter assays and chromatin immunoprecipitation (ChIP) 

The CXCL14 promoters and its truncated constructs were generated from genomic DNA of the human breast 

epithelial cell line MCF10A. All constructs and their mutants were inserted into the pGL3-Basic reporter gene 

vector. ChIP was performed according to published protocols, with slight modifications (26). Additional 

details are provided in the Supplemental data.   
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Cytokine arrays 

Cytokine arrays (Proteome Profiler™ Human XL Cytokine Array Kit, Cat. no. c8052; R&D Systems) were 

used to survey the changes in 102 cytokines and chemokines in CM obtained from NAF10, CXCL14-activated 

NAF10 and CAF10 cells. NAF10 cells were treated with 100 ng/ml rhCXCL14 for 4 days, then seeded into 

6-well plates containing unprocessed NAF10 and CAF10 cells. After 48 h, the cell culture supernatants were 

collected and incubated overnight with the array. Next, the membranes were washed to remove unbound 

materials and incubated with a cocktail of biotinylated antibodies. Streptavidin-HRP and chemiluminescent 

detection reagents were then applied, and a signal was produced at each capture spot corresponding to the 

amount of protein bound. The membranes were exposed to X-ray film for 10 minutes, and profiles of the mean 

spot pixel densities were analyzed using Protein Array Analyzer for ImageJ. 

Tumor xenografts  

To establish orthotopic BrCa xenografts, 5×106 MCF7 cells (MCF7NC-NC, MCF7sgHIC1-NC, MCF7sgHIC1-shCXCL14) 

were injected bilaterally into the fourth mammary fat pads of female BALB/c nude mice (n = 10 per group). 

To supplement estrogen for MCF7 growth, each mouse was implanted with a pellet containing 0.72 mg of 

17β-estradiol (Cat. no. NE-121; Innovative Research) 3 days prior to MCF7 injection. Tumor growth was 

evaluated by monitoring tumor volume with calipers (length × width2 × 0.5) every 5 days. The animals were 

euthanized 6 weeks later, and the tumor xenografts were harvested for further investigation. 

To establish orthotopic lung metastatic mouse models of MDA-231-LM2 BrCa cells, 1×106 MDA-231-

LM2 cells mixed with primary NAFs or CAFs cells at a ratio of 3:1 were orthotopically implanted into the 

mammary fat pads of BALB/c nude mice. When the xenografts were palpable (approximately 0.5 cm in 

diameter), tail vein injection of control IgG or a neutralizing antibody against CCL17 (Cat. no. MAB364; 

R&D Systems) (1 μg/mouse) was performed every 3 days for 4 weeks. The lungs of the animals bearing breast 

tumor xenografts that stably express luciferase were analyzed using the Xenogen IVIS Imaging System. 

Tissue microarrays (TMA)  

High-density tissue microarrays (TMA) of human BrCa clinical samples (Cat. no. BRC2281) were obtained 

from a cohort of 228 patients and constructed by Superbiotek Inc. (Shanghai, China). The use of the clinical 

samples in the project was approved by the Shanghai Jiao Tong University School of Medicine Ethical 

Committee. IHC staining was performed with specific antibodies against HIC1 (Cat. no. bs15485R; Bioss), 

CXCL14 (Cat. no. ab46010; Abcam), CCL17 (Cat. no. ab195044; Abcam), GPR85 (Cat. no. ab140783; 

Abcam) and CCR4 (Cat. no. ab1669; Abcam). Additional details are provided in the Supplemental Data.  

Statistics 

All statistical analyses were performed using SPSS for Windows version 13.0 (SPSS). Two-tailed Student’s t 

tests were used for comparisons between two groups, and one-way ANOVA followed by Bonferroni’s post-

file:///C:/Users/ç��è�¹è�¹/AppData/Local/youdao/dict/Application/7.0.1.0227/resultui/dict/
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hoc test was used for multiple comparisons (three or more groups). The Kaplan-Meier curves for survival 

analyses were determined using the log-rank test. For multiple group comparisons and repeated measures of 

in vivo data, repeated-measures ANOVA (RM ANOVA) followed by a post-hoc LSD test were performed. 

Chi-square tests were applied to analyze the relationship between protein levels and clinicopathological status 

in BrCa tissue microarrays. Spearman’s rank correlation coefficient analysis was performed to assess the 

relationship among epithelial HIC1, stromal CXCL14 and CCL17 in the BrCa tissue microarrays, as well as 

the correlation of CXCL14 expression with CCL17 expression in TCGA database. All experiments for cell 

cultures were performed independently at least three times and in triplicate each time. In all cases, P values < 

0.05 were considered statistically significant. 

Study approval    

All murine studies were conducted under the approved Shanghai Jiao Tong University School of Medicine 

IACUC, the IACUC protocol number is A-2016-015. For all human studies, written informed consent was 

received from participants prior to inclusion in the study where required. All samples were obtained in 

accordance with standard protocols of the Renji Hospital Ethics Committee of Shanghai Jiao Tong University 
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Figures and figure legends 

 

Figure 1. HIC1 deletion induces hyperplasia of mammary gland in vivo 

(A) Representative whole-mount staining of the fourth inguinal mammary glands at the indicated ages (4 

months (4 M) and 8 months (8 M)) were prepared from Hic1+/+ mice or Hic1-/- mice and stained with carmine 

aluminum (n = 6 for each group). (B) H&E staining of the mammary glands of 6-month-old (6 M) mice. (C) 

Immunofluorescence staining of luminal epithelial marker (K8) and myoepithelial markers (α-SMA) in the 

mammary glands of 6 M, 8 M and 12 M mice. (D) Immunohistochemical staining of Ki67 and cyclin D1 in 

mammary glands of 6 M mice. The dot plots show the mean value for each immunoreactivity score (IRS) with 

statistical evaluation (mean ± SEM, n = 6; *P < 0.05, P values were obtained using two-tailed Student’s t tests). 

(E) Box plots of HIC1 mRNA levels in paired normal breast/BrCa tissues (left, paired t tests), non-

TNBC/TNBC tissues (middle, two-tailed Student’s t tests) and BrCa tissues at different stages (right, one-way 

ANOVA followed by Bonferroni’s post-hoc test). The data were obtained from the TCGA dataset 

(TCGA_BRCA_exp_HiSeqV2-2015-02-24). *P < 0.05, **P < 0.01 and ***P < 0.001. (F) Kaplan-Meier plots 

of the relapse-free survival (RFS) of patients with BrCa in whole datasets stratified by HIC1 expression. The 

data were acquired from the Kaplan-Meier plotter database (P = 0.00027, P values were obtained using the 
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log-rank test) (27). The representative images in this figure were obtained from at least 3 animals of each 

genotype. 
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Figure 2. HIC1-deleted BrCa cells induce the activation of stromal fibroblasts in mammary gland  

(A) Representative three immunohistochemistry for α-SMA in mammary glands of 6 M mice. 

Positive staining in the mammary gland stroma of Hic1-/- mice is indicated by red arrows (n = 3 for each 

group). (B) CRISPR-Cas9-mediated HIC1 deletion in MCF7 and T47D luminal BrCa cells. Cell lysates were 

analyzed by Western blotting with antibodies against HIC1 and GAPDH. Sg3 and sg4 represent two different 

interference sgRNA sequences. (C) Representative primary NAFs and CAFs isolated from human BrCa 

tissues. Western blot analysis of cell lysates was performed using antibodies against α-SMA, FAP, PDGFRα 

and GAPDH. (D) Schematic showing primary NAFs co-cultured with MCF7Ctrl/MCF7sgHIC1 or 

T47DCtrl/T47DsgHIC1 luminal BrCa cells in a transwell apparatus (0.4 mm pore size) for 4 days. (E) Western 

blot analysis of lysates of NAF6 cells that were co-cultured with MCF7Ctrl/MCF7sgHIC1 or T47DCtrl/T47DsgHIC1 

luminal BrCa cells for 4 days. Antibodies against α-SMA, FAP, PDGFRα and GAPDH were used. (F) 

Immunofluorescence staining for the detection of α-SMA expression in NAF6 cells that were co-cultured with 

MCF7Ctrl/MCF7sgHIC1 or T47DCtrl/T47DsgHIC1 luminal BrCa cells for 4 days. 
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Figure 3. CXCL14 is a direct target gene of HIC1 

(A) Left: relative RT-qPCR analysis of 8 differentially expressed genes (CCL2, CXCL14, CX3CL1, IL1B, 

IL24, IL8, TGFA and VEGFA) after HIC1 deletion in MCF7 and T47D cells (n = 3). Right: relative RT-qPCR 

analysis of Hic1, Cxcl14 and Sirt1 mRNA levels in the mammary glands of Hic1-/- or Hic1+/+ mice (n = 5). 

(B) ELISA analysis of CXCL14 levels in the CM of MCF7sgHIC1/MCF7Ctrl and T47DsgHIC1/T47DCtrl cells. The 

supernatants were collected after culture of the cells for 24 h or 48 h (n = 4). (C) Schematic of the CXCL14 

promoter region. The positions of selected consensus binding sites are indicated above the diagram; the lengths 

of the promoter constructs used in the reporter assays are shown below. (D) CXCL14 promoter activity after 

transfection of the full-length construct (-2000/+136) alone or together with HIC1 expression vectors. pGL3-

Basic, control for promoter constructs; pc3.1, control for the HIC1 expression vector. The results are expressed 

as the ratio of firefly luciferase to Renilla luciferase (n = 3). (E) CXCL14 promoter activity after co-

transfection with 100 ng of the HIC1 expression vector and each of the promoter constructs. The -41/+136 
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construct had a significant repressive effect, despite its lower promoter activity (n = 3). (F) ChIP analysis of 

HIC1 at the CXCL14 promoter region in MCF7 and T47D cells (n = 3) (mean ± SEM, n = 3 independent 

experiments; *P < 0.05, **P < 0.01 and ***P < 0.001; P values in A, B and E were obtained using two-tailed 

Student’s t tests, P values in D and F were obtained using one-way ANOVA followed by Bonferroni’s post-

hoc test). 
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Figure 4. CXCL14 derived from HIC1-deleted BrCa cells mediates the activation of mammary 

fibroblasts 

(A) Left: NAF2 or NAF6 cells were treated with rhCXCL14 at various concentrations (0-200 ng/ml) for 4 

days. The corresponding primary CAF2 or CAF6 cells were used as positive controls. Right: the immortalized 

NAF10 cells stably overexpressed CXCL14. Cell lysates were analyzed by Western blotting with antibodies 

against α-SMA, FAP, PDGFRα and GAPDH. (B) Representative immunofluorescence staining detection of 

α-SMA, FAP and PDGFRα expression in NAF6 or CAF6 cells treated similarly to the cells described in (A). 

(C) NAF6 cells were co-cultured with MCF7Ctrl/MCF7sgHIC1 or with T47DCtrl/T47DsgHIC1 luminal BrCa cells 

for 4 days in the presence or absence of an antibody against CXCL14 (α-CXCL14) at 2 μg/ml or an isotype-

matched IgG control (IgG). Cell lysates from NAF6 cells were analyzed by Western blotting with antibodies 

against α-SMA, FAP, PDGFRα and GAPDH. (D) Three MCF7 cell lines (Ctrl-NC, sgHIC1-NC, sgHIC1-

shCXCL14) were injected bilaterally into the fourth mammary fat pads of female BALB/c nude mice (n = 10 
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per group). Tumor volumes were measured with calipers at the indicated time points (mean ± SD; ***P < 0.001; 

P values were obtained using repeated measures ANOVA followed by a post-hoc LSD test). (E) Photographs 

and weights of the tumors obtained from the animals described in (D) (mean ± SD; ***P < 0.001, P values 

were obtained using one-way ANOVA followed by Bonferroni’s post-hoc test). (F) Representative 

immunohistochemical staining for Ki67 and stromal α-SMA in tumor tissues obtained from each experimental 

group. The dot plots show the mean value for the percentage (%) of Ki67 or stromal a-SMA positive cells 

with statistical evaluation (n = 5-6) (mean ± SEM, n = 3 independent experiments; **P < 0.01, ***P < 0.001, P 

values were obtained using one-way ANOVA followed by Bonferroni’s post-hoc test). 
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Figure 5. GPR85 is a novel functional receptor for CXCL14 activity  

(A) Confocal microscopy of NAF6 cells treated with biotin or biotin-CXCL14 at 100 ng/ml at 4℃ and stained 

with an antibody against Cy3-streptavidin. An isotype-matched IgG (IgG) was used as a control. Cell nuclei 

were counterstained with DAPI. (B) Schematic of the procedure used to detect biotin-CXCL14 binding 

proteins using HuProt™ human proteome microarrays containing 18,583 affinity-purified N-terminally GST-

tagged proteins. (C) Representative CXCL14-binding membrane proteins in the proteome microarrays. (D) 

Western blotting validation using a streptavidin-agarose pulldown assay of proteome microarray 

determination that CXCL14 binds directly to GPR85. (E) Mobilization of [Ca2+]i in NAF6 cells that were 

transfected with control siRNA (NC) or GPR85-3 siRNA and then treated with HBSS, rhCXCL14 or 

rhCXCL12 at 100 ng/ml. The black arrows denote the times at which stimulation was initiated. (F) 125I-

CXCL14 binding properties between 293T-NC and 293T-GPR85 cells. (mean ± SD, n = 4 repetitions; **P < 

0.01 and ***P < 0.001; P values were obtained using two-tailed Student’s t tests). (G) Binding assay with 10 
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nM of 125I-CXCL14 in the presence or absence of increasing concentrations of unlabeled rhCXCL14, 

rhCXCL12 and rhCXCL3 for 293T cells that were transfected with GPR85. Y-axis: B/T, B represents specific 

binding, T represents total binding. (H) Knockdown of GPR85 expression by GPR85-3 siRNA in NAF6 cells 

in the presence or absence of rhCXCL14 at 100 ng/ml for the indicated times (0, 30 and 60 minutes). Cell 

lysates were analyzed by Western blotting with antibodies against p-Akt (Ser 473), Akt, p-ERK1/2, ERK1/2 

and GAPDH. (I) Knockdown of GPR85 expression by GPR85-3 siRNA in NAF6 cells treated with 

rhCXCL14 at various concentrations (0-100 ng/ml) for 4 days. Cell lysates were analyzed by Western blotting 

with antibodies against α-SMA, FAP, PDGFRα and GAPDH. (J) NAF6 cells were transfected with control 

siRNA (NC) or GPR85-3 siRNA and then co-cultured with MCF7Ctrl or MCF7sgHIC1 cells, respectively, for 4 

days. NAF6 cell lysates were analyzed by Western blotting with antibodies against α-SMA, FAP, PDGFRα, 

p-Akt (Ser 473), Akt, p-ERK1/2, ERK1/2 and GAPDH. 
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Figure 6. CXCL14-activated fibroblasts induce migration of BrCa cells via CCL17 

(A) Upper: schematic showing the co-culture of MDA-231-LM2 BrCa cells with primary NAF10, CXCL14-

activated NAF10 or primary CAF10 cells in a transwell apparatus (0.4 μm pore size) for 4 days. Lower: 

Boyden chamber assay of MDA-231-LM2 cells that were treated as above. (B) Upper: Human XL Cytokine 

Array Kits (R&D Systems) were used to measure the   levels of 102 cytokines in the CM from diverse 

fibroblasts. Cytokines that were upregulated in the CM of CXCL14-activated NAF10 and CAF10 cells are 

indicated by colored boxes; they include CCL17 (red), IL-5 (green) and angiopoietin-2 (blue). The black 

frames indicate the positive controls, and the dashed boxes indicate the negative controls in each membrane. 

Lower: table showing the relative signal intensities of the three selected cytokines noted above. The signal 

intensities were quantified by densitometry using ImageJ software and normalized to the intensity of the 
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internal positive controls. (C) Boyden chamber assay of MDA-231-LM2 cells plated with rhCCL17, rhIL-5 

and rh angiopoietin-2 in the lower chambers at 100 ng/ml for 20 hours. (D) Boyden chamber assay of MDA-

231-LM2 cells that were co-cultured with primary NAF10, CXCL14-activated NAF10 or primary CAF10 

cells in a transwell apparatus for 4 days in the presence or absence of an antibody against CCL17 (α-CCL17, 

1 μg/ml) or an isotype-matched IgG control (IgG). (E) MCF7 or MDA-231-LM2 cells were treated with 

various concentrations (0-100 ng/ml) of rhCCL17 for 4 days, and lysates of the cells were analyzed by Western 

blotting using antibodies against E-cadherin, N-cadherin and GAPDH. (F) MCF7 or MDA-231-LM2 cells 

were treated with rhCCL17 at 100 ng/ml for the indicated times (0, 5, 15, 30 and 60 minutes). Cell lysates 

were analyzed by Western blotting with antibodies against p-Akt (Ser 473), Akt, p-GSK-3β (Ser9), GSK-3β 

and GAPDH. (G) Knockdown of CCR4 expression by siRNA-3 in MCF7 and MDA-231-LM2 cells in the 

presence or absence of rhCCL17 at 100 ng/ml for 4 days. Cell lysates were analyzed by Western blotting with 

antibodies against E-cadherin, N-cadherin, p-Akt (Ser 473), Akt and GAPDH. (mean ± SEM, n = 3 

independent experiments; ***P < 0.001, P values were obtained using one-way ANOVA followed by 

Bonferroni’s post-hoc test). 
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Figure 7. CCL17 secreted by CAFs promotes lung metastasis of BrCa xenografts 

(A) Schematic showing the lung metastasis model of breast cancer xenografts. MDA-231-LM2 BrCa cells 

mixed with primary NAF8 or CAF8 cells at a ratio of 3:1 were implanted bilaterally into the mammary fat 

pads of BALB/c nude mice (n = 12 per group). When the xenografts became palpable two weeks later, control 

IgG or a neutralizing antibody against CCL17 (αCCL17, 1 μg/mouse) was then injected via the tail vein every 

three days for thirty days; the mice were then euthanized. (B) Representative bioluminescence imaging of the 

harvested lungs (left) and quantification of their bioluminescent signals (right, n = 6) (mean ± SD; *P < 0.05, 

P values were obtained using one-way ANOVA followed by Bonferroni’s post-hoc test). (C) Representative 

immunohistochemical staining for human cytokeratin of each group’s lung tissues and for N-cadherin and 

vimentin in orthotopic xenografts. The dot plots show the mean values for the percentage (%) of human 

cytokeratin-, N-cadherin- or vimentin-positive cells with statistical evaluation (n = 5) (mean ± SEM, n = 3 

independent experiments; **P < 0.01 and ***P < 0.001, P values were obtained using one-way ANOVA 

followed by Bonferroni’s post-hoc test). (D) Kaplan-Meier survival curves of BALB/c nude mice that received 

the indicated treatments (NS, not significant; *P < 0.05; P values were obtained using the log-rank test). (E) 

Kaplan-Meier plots of distant metastasis-free survival (DMFS) of systemically untreated patients (n = 543) 

stratified by CCL17 expression. The data were obtained from the Kaplan-Meier plotter database (P = 0.04; P 

values were obtained using the log-rank test) (27). 
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Figure 8. The HIC1-CXCL14-CCL17 loop is associated with malignant progression in BrCa patients 

(A) The percentages of low and high expression of epithelial HIC1 (upper), stromal CXCL14 (middle) and 

stromal CCL17 (bottom) in benign breast tissue and various breast cancer subtypes are shown as a pie chart 

(P vs benign; P values were obtained using the Chi-square test). (B) Representative IHC images showing the 

correlation between epithelial HIC1 expression and stromal CXCL14/CCL17 expression in 228 benign and 

malignant breast tumor samples. The broken lines indicate the margins of the tumor. (C) Schematic model 

showing how HIC1-mediated crosstalk between cancer cells and mammary fibroblasts promotes BrCa 

progression. Conditional deletion of HIC1 in the mouse mammary gland may contribute to premalignant 

transformation at the early stage of breast tumor formation. Moreover, chemokine CXCL14 secreted by HIC1-

deleted BrCa cells binds to its cognate receptor GPR85 on mammary fibroblasts in the microenvironment, 

thereby activating the fibroblasts through the ERK1/2, Akt, and neddylation pathways. The activated 

fibroblasts in turn promote BrCa progression through induction of EMT by activation of the CCL17/CCR4 
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chemokine axis. 
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Table 1. Spearman’s rank correlation coefficient analysis of protein expression in 228 benign and 

malignant breast tumor samples 

 

Variables  HIC1 (Epithelial) CXCL14 (Stromal) CCL17 (Stromal) 

HIC1 (Epithelial) Spearman (r) 1 -0.254 -0.072 

 P value - <0.001 0.277 

CXCL14 (Stromal) Spearman (r) -0.254 1 0.300 

 P value <0.001 - <0.001 

CCL17 (Stromal) Spearman (r) -0.072 0.300 1 

 P value 0.277 <0.001 - 

r > 0, positive correlation; r < 0, negative correlation. 
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