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Abstract

The beneficial versus detrimental roles of estrogen plus progesterone (E+P) in breast cancer 

remains controversial. Here we report a beneficial mechanism of E+P treatment in breast cancer 

cells driven by transcriptional upregulation of the NFκB modulator NEMO, which in turn 

promotes expression of the tumor suppressor protein PML. E+P treatment of patient-derived 

epithelial cells derived from ductal carcinoma in situ (DCIS) increased secretion of the pro-

inflammatory cytokine IL-6. Mechanistic investigations indicated that IL-6 upregulation occurred 

as a result of transcriptional upregulation of NEMO, the gene for which harbored estrogen 

receptor (ER) binding sites within its promoter. Accordingly, E+P treatment of breast cancer cells 

increased ER binding to the NEMO promoter, thereby increasing NEMO expression, NFκB 

activation and IL-6 secretion. In two mouse xenograft models of DCIS, we found that RNAi-

mediated silencing of NEMO increased tumor invasion and progression. This seemingly 

paradoxical result was linked to NEMO-mediated regulation of NFκB and IL-6 secretion, 

increased phosphorylation of STAT3 on Ser727 and increased expression of PML, a STAT3 

transcriptional target. In identifying NEMO as a pivotal transcriptional target of E+P signaling in 

breast cancer cells, our work offers a mechanistic explanation for the paradoxical anti-tumorigenic 

roles of E+P in breast cancer by showing how it upregulates the tumor suppressor protein PML.
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Introduction

Ductal carcinoma in situ (DCIS) is a non-obligate precursor of invasive ductal carcinoma 

(IDC) and is diagnosed in more than 60,000 women a year in the United States annually and 

rising (1). Treatment consists of either lumpectomy, often combined with radiation therapy, 

or mastectomy (2). However, not all lesions described as DCIS follow a clinical course that 
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supports such invasive treatment. Long-term follow up studies of misdiagnosed and 

untreated DCIS have reported an average rate of progression of 43% (24–75%) (3). These 

included all histologic types such as comedo as well as non-comedo and papillary DCIS (3). 

The mechanisms regulating the transition of DCIS to IDC are critical but remain as an 

understudied area. We have developed a novel xenograft model in which DCIS cells can be 

engrafted within the mammary ducts of immunodeficient mice, allowing the study of 

potential regulators of DCIS invasive progression (4). The role of estrogen and progesterone 

(E+P) exposure and risk of breast cancer is controversial. Events that result in longer 

lifetime exposure to hormones estrogen and progesterone have been shown to increase a 

woman’s relative risk of getting breast cancer (5–11). However, the mechanisms underlying 

this association are still unclear.

Previous studies have revealed the protective role for E+P in mammary tumorigenesis. 

Medina and colleagues, using the p53-null mammary transplant model, showed that a short 

2-week exposure to E+P during the immediate post-pubertal stage of mammary development 

decreased mammary tumorigenesis by 70 to 88% (12). The Carroll laboratory has recently 

published a provocative study in which they showed that not only is progesterone receptor 

(PR) recruited to the estrogen receptor (ER) complex to affect the transcriptome, but it 

actually inhibits ER-stimulated growth, going against the dogma that hormonal exposure 

increases breast cancer risk (13,14). In the current study, we report a beneficial mechanism 

of E+P treatment in breast cancer cells driven by transcriptional upregulation of the NFκB 

modulator NEMO, which in turn promotes expression of the tumor suppressor protein PML.

Methods

Specimen collection

All patients gave written informed consent for participation in this University of Kansas 

Medical Center IRB-approved study allowing collection of additional biopsy and or surgical 

tissue for research. Subject recruits included patients undergoing image-guided core needle 

biopsy or surgical excision (lumpectomy or mastectomy) due to suspicion of DCIS. In all 

cases, research specimens were obtained only after acquisition of diagnostic specimens. 

Following collection, biopsy tissue was placed in preservation media (LiforCell, Lifeblood 

Medical, Inc., Freehold, NJ) and stored at 4°C on ice until processing as previously 

described to isolate the epithelial and stromal cell components (4).

Cell culture

MCF7 and BT474 were a gift from Dr. Roy Jensen’s laboratory (University of Kansas 

Medical Center, Kansas City, KS) obtained from ATCC. Cell lines authentication with Short 

Tandem Repeat (STR) finger printing was performed by Cell Characterization Core at MD 

Anderson in September 2015. DCIS.com ER/PR+ cell was a gift from Dr. Dean Edwards 

and cell authentication with STR was performed by Cell Characterization at MD. Anderson. 

DCIS.com cells were engineered to stably express ER and PR-B with lentiviral vectors using 

an EF1α promoter and an IRES-ZsGreen or IRES-dTomatoRed tag (15), enabling the 

isolation of a mixed population of receptor-positive cells by flow cytometry. All cell lines 

were mycoplasma tested and were negative.
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Animals and transplantation

Recipients were 8- to 10-week-old virgin female NOD-SCID IL2Rgammanull (NSG) mice, 

which were purchased from Jackson Laboratories. Animal experiments were conducted 

following protocols approved by the University of Kansas School of Medicine Animal Care 

and Use and Human Subjects Committee. A 30-gauge Hamilton syringe, 50-μl capacity, 

with a blunt-ended 1/2-inch needle was used to deliver the cells as previously described (16). 

Two μl of PBS (with 0.04% trypan blue) containing 10,000 cells were injected. At the time 

of intraductal transplantation surgery, a 1 cm incision is made between the scapulae and a 

pellet containing estrogen and progesterone is inserted subcutaneously. After 6 to 8 weeks, 

mice were sacrificed and the mammary glands harvested and fixed in 4% paraformaldehyde 

on ice for 2h. Mammary tissue was processed for embedding as previously described and 

sectioned at 5μm (16).

To make hormonal pellets, silastic medical grade tubings (Dow-Corning 241557) were 

sterilized and sealed at one end with medical adhesive silicone glue (Fisher NC9186391) 

and left to dry for 3 hours. Then 4mg of (1:79) estradiol (Sigma E8875-1G) /cholesterol 

(Sigma C75209-25G) mixture and 20 mg progesterone (Sigma P0130-25G) were added to 

0.25 cm and 1cm length tubes, respectively.

NFκB p65 activity

MCF7, BT474, and DCIS.com cells were serum-starved for 24h before treatment with 10nM 

E and 10nM P. Nuclear extract was collected 48h later using Active Motif’s Nuclear Extract 

kit (Active Motif 40010), and the TransAM® NFκB Transcription Factor Assay (Active 

Motif 43296) was used to measure active NFκB p65 within 25μg of nuclear extract 

following the manufacturer’s recommendations.

IL-6 secretion

MCF7, BT474 and DCIS.com cells were serum-starved for 24 h before treatment with 10nM 

E and 10nM P. Cell culture media was collected 48h later and the Quantikine® ELISA 

Human IL-6 Immunoassay (RnDSystems D6050) was used to measure IL-6 secretion 

following the manufacturer’s recommendations.

In vivo invasion studies

NEMO KD, and scrambled shRNA control (control) MCF7 and ER+/PR+ DCIS.COM cells 

were injected at 10,000 cells per gland. A total of four glands and three animals were used 

for each group. The glands were collected at 6 and 8 weeks post-intraductal injection in 

MCF7 and ER+/PR+ DCIS.com xenografts, respectively. The mammary glands containing 

DCIS lesions were then fixed, embedded and sectioned and were prepared for IF as 

described above. Measurement of maximum distance of invasion and number of invasive 

areas were performed as previously described (17).
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Results

Hormones (E+P) promote increased mammosphere formation efficiency of primary 
epithelial and stromal cells derived from ER+PR+ DCIS

DCIS tissues were collected from consented patients undergoing image-guided core needle 

biopsy or surgical excision due to suspicion of DCIS. Following tissue digestion, epithelial 

cells from primary human DCIS were cultured under non-adherent conditions, encouraging 

mammosphere formation, in the presence of vehicle or 10nM estradiol (E) and 100nM 

progesterone (P). It is important to note that while the overnight digestion of DCIS patient 

samples yields an enriched population of epithelial cells (~90%), the remaining are stromal 

fibroblasts (~10%) (data not shown). A subset of cases (termed “responders”) responded to 

the steroid hormone treatment in vitro by increasing mammosphere-forming efficiency in E

+P conditions compared to vehicle control (Fig. 1 and Supplementary Table. S1; cases 1–6 

are non-responders and cases 7–11 are responders). Supplementary Table. S1 also contains 

two cases of non-responders (12,13) and three cases of responders (14–16). Mammosphere 

efficiency was calculated as the ratio of secondary to primary mammospheres, and presented 

as the fold-change in E+P-treated over the vehicle-treated control (Fig. 1A). As shown in 

Supplementary Table. S1, there were no differences between the responders and non-

responders with respect to many of the available patient data including the percentage of ER 

and PR expression. Not finding a significant correlation may be due to a small sample size 

included in this study.

We then examined cellular composition of mammospheres by utilizing epithelial specific 

markers, cytokeratin (K)-5 plus K-19, and a fibroblast marker, fibroblast specific protein 1 

(FSP1). To our surprise, some mammospheres contained FSP positive (FSP+) fibroblasts 

only and referred to as FSP+ spheres, some contained K+ epithelial cells only and referred to 

as K+ spheres, and some contained both K5/19+ and FSP+ fibroblasts referred to as mixed 

spheres (Fig. 1B). As shown in Fig. 1C, while E+P exposure increased sphere formation 

efficiency by both cell types (FSP+, K+ and mixed), only FSP+ spheres showed a significant 

increase in sphere formation efficiency in response to E+P. However, all three sphere types 

contributed equally to the total number of spheres counted in each sample. These data 

indicate that both cell types form spheres and contribute to the total number of spheres 

counted in our mammosphere cultures.

E+P treated cases that exhibited increased mammosphere formation efficiency showed a 
significant increase in IL-6 secretion

We investigated the role of IL-6 in mammosphere formation efficiency since a number of 

studies have shown IL-6 to be a direct regulator of breast cancer stem cell self-renewal and 

to promote breast cancer tumorigenesis, angiogenesis and metastasis (18–21). However, 

there are also studies, which demonstrate the growth inhibitory role of IL-6, in particular, 

during early stages of cancer progression in melanoma, prostate and breast cancer (22,23). 

To investigate whether IL-6 is associated with an increase in E+P increased DCIS 

mammosphere formation efficiency, primary human DCIS cells collected from patient 

biopsies were cultured under non-adherent conditions with vehicle control or estradiol 

(10nM; E) and progesterone (100nM; P). After 10 days primary mammospheres were 
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counted, trypsinized to single cells and re-plated to allow secondary mammospheres to form 

for 10–14 days. Mammosphere-forming efficiency was calculated as the ratio of secondary 

to primary mammospheres, normalized for the number of cells plated. We examined IL-6 

secretion into cell culture media in 3 non-responding DCIS cases and 1 responding case. 

Representative cases shown in Fig. 2A and B, demonstrated that IL-6 increased only in the 

responding DCIS case (i.e., a case in which E+P increased mammosphere formation 

efficiency; Fig. 2 right A and B), while in DCIS that decreased mammosphere efficiency in 

response to E+P, IL-6 also decreased (Fig. 2 left A and B; *P<0.05 compared to vehicle 

control). We performed mammosphere efficiency and IL-6 expression assay by ELISA on 

five more cases of ER/PR positive DCIS. The data, included as Supplementary Figures. S1A 

and B, show that three of the five cases showed increased mammosphere efficiency in 

response to E+P (A) and the same cases also showed a significant increase in IL-6 

production (B). In summary our results indicate that IL-6 secretion is significantly increased 

in DCIS cells that also show a significant increase in mammosphere formation efficiency in 

response to E+P treatment.

IL-6 expression is higher in DCIS with associated IDC compared to pure DCIS

Tissue microarrays constructed with tissue from patients with either pure DCIS or DCIS 

with associated IDC were analyzed for IL-6 expression. The lowest expression of IL-6 was 

found in DCIS cells from patients with no invasive component (Fig. 2C–D; *P<0.01). 

Comparatively, IL-6 expression was higher in DCIS cells from patients that also had areas of 

IDC. Within this patient population, the areas of IDC contained higher IL-6 compared to the 

DCIS component (Fig. 2C and E; *P<0.01). These data indicate that IL-6 expression is 

increased in DCIS with invasive component.

The NFkB regulator, NEMO, is transcriptionally controlled by E+P

NEMO, a known activator of NFκB signaling, is an established stimulator of IL-6 

expression. In a search to identify a link between E+P treatment and IL-6 secretion, we 

found that the IKBKG gene, which encodes NEMO contains a potential binding site for ER 

(motifmap.ics.uci.edu; searched using the human hg18 multiz28way_placental data base for 

ESR1 binding sites. In motifmap.ics.uci.edu web tool, we searched for ESR1 binding motifs 

in target genes. This analysis showed ESR1 binding motif in 2461 genes. We then performed 

an analysis in IPA (Ingenuity Pathway Analysis) and found that among the 2461 genes, 20 

genes were involved in the NFκB pathway. Supplementary Table. S2 includes the 20 ER 

targets and their role in NFκB pathway. We chose to focus on IKKγ because, ESR1 binding 

motif to IKKγ showed a false discovery rate (FDR) of 0.05% and was found to directly 

regulate the activation of NFκB signaling. FDR is the median number of sites discovered for 

the control motifs divided by the number of sites discovered for the known motif (24).

Insight into the essential role of NEMO in NFκB activation has been gained through 

observations of individuals with hypomorphic X-linked recessive mutations in the gene 

encoding NEMO, which leads to ectodermal dysplasia and immunodeficiency (25). In 

primary patient cells stimulated with E+P, we found that NEMO and IL-6 expression 

increased in ER+PR+ DCIS, but not atypical ductal hyperplasia cells (Fig. 3A). Furthermore, 

in ER+PR+ breast cancer cell lines cultured as monolayers for 12 hours in the presence of 
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vehicle, E (10nM), P (100nM), or E+P, NEMO gene expression was stimulated in response 

to E+P (Fig. 3B). Interestingly, in both T47D and BT474 cells, treatment with P alone was 

sufficient to stimulate NEMO gene expression. To test the ability of ER to bind to the 

IKBKG promoter, we performed chromatin immunoprecipitation assays on MCF7 cells 

treated with vehicle, E (10nM), P (10nM), or E+P for 1h. For all subsequent studies, we 

used P at 10nM since we found no significant difference between P at 10 and 100nM 

concentration with respect to E+P induced upregualtion of NEMO gene expression by qPCR 

in primary DCIS cells (Supplementary Fig. S1D and E). Immunoprecipitation was 

performed using an anti-ER antibody and qPCR was performed using primers targeting the 

potential ERE within the IKBKG promoter region. Interestingly, E or P treatment alone did 

not facilitate ER binding, while E+P treatment led to a 7-fold increase in ER binding to the 

IKBKG promoter region compared to IgG control (Fig. 3C; mean ± SEM; *P< 0.05). ChIP 

analysis on cells derived from a case of DCIS with associated IDC cells with high 

expression of ER and PR (95% and 75%, respectively) also showed a 3-fold increase in ER 

binding to IKBKG promoter with E+P treatment (Fig. 3D; mean ± SEM; *P <0.05). 

However, a chip analysis on cells derived from 3 DCIS patients showed no increase in ER 

recruitment with hormone treatment (Data not shown). This may be because, while ER 

expression was high in these three patients (99–100%), PR expression was relatively low 

(15–22%). These data suggest that the binding of ER to the IKBKG promoter may require 

high-level expression of both ER and PR. However, to prove the role of PR, PR levels will 

need to be modified and shown to be significantly correlated with NEMO gene expression in 

response to E+P.

NEMO is required for NFκB activation and IL-6 secretion in response to E+P

In order to explore the role of NEMO in E+P driven DCIS progression, we used targeted 

shRNAs to knockdown NEMO expression in MCF7 and BT474 cells (Fig 4A). Following 

48h treatment with E+P, nuclear extract and cell culture media were collected to measure 

active NFκB p65 and IL-6 secretion, respectively. E+P treatment increased active NFκB p65 

and IL-6 secretion in non-silencing control but not NEMO-KD ER+PR+ MCF7 cells (Fig. 

4B–C; P<0.05). Interestingly, ER+PR+ HER2 + BT474 cells can activate NFκB in the 

absence of NEMO, indicating that these cells may utilize the non-canonical pathway of 

NFκB activation which is dependent upon IKKα activation in the absence of IKKβ and 

NEMO (26). Furthermore IL-6 secretion was consistently elevated in BT474, compared to 

MCF7 cells, indicating that in these cells IL-6 may not be E+P or NFκB dependent. In order 

to confirm our results in a DCIS cell line, we utilized ER+/PR+ DCIS.com cells. This cell 

line has been generated in the laboratory of Dr. Dean Edwards at Baylor College of 

Medicine by over-expression of ER and PRB (herein referred to as ER+/PR+DCIS.com) by 

lentiviral transduction. ER+/PR+ DCIS.com cells show a significant induction of ER target 

genes including GREB1 and TFF1 (unpublished results). Normally, DCIS.com is a triple 

negative cell line that generates basal DCIS like lesions in vivo when transplanted by the 

intraductal method (16). As seen in Supplementary Fig. S2A and B, ER+/PR+ DCIS.com 

cells showed a significant increase in NEMO mRNA expression in response to E+P 

treatment as assessed by qPCR and at the protein level as assessed by Western blot. 

Furthermore, ER+/PR+ DCIS.com transduced with shRNA to knockdown NEMO showed a 

reduction in NEMO protein expression (Supplementary Fig. S2B) and in IL-6 production at 
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baseline and in response to E+P treatment (Supplementary Fig. S2C). These data indicate 

that, in contrast in MCF7 and BT474 cells, NEMO plays a role in both the baseline as well 

as E+P induced IL-6 secretion in these cells. E+P treatment of cells resulted in a non-

significant increase in NFκB activation in ER+/PR+ DCIS.com cells, while in these cells the 

baseline and E+P induced NFκB activation did not significantly change with NEMO-KD 

(Supplementary Fig. S2D). Despite these results, ER+/PR+ DCIS.com still showed a 

significant increase in IL-6 secretion in response to E+P treatment (Supplementary Fig. S2C; 

compare a vs. b) and NEMO-KD cells showed significantly reduced baseline level as well as 

E+P induced IL-6 production (Supplementary Fig. S2C; compare a vs. c and b vs. d). These 

data suggest that NEMO regulation of IL-6 may be independent of NFκB activation in these 

cells. Indeed, in some cells, NEMO may regulate IL-6 production, independent of NFκB, 

through activation of receptor-interacting protein kinase 1 (RIPK1) (27,28).

NEMO knockdown DCIS lesions showed increased in vivo invasive progression

To examine the effect of NEMO-KD on DCIS progression, we utilized the mouse-

intraductal (MIND) model. MIND is a novel model in which human breast cancer cells are 

injected intraductally and studied over time in immunocompromised mice. The MIND 

model is particularly innovative because, in contrast to other in vivo models of breast cancer, 

in the MIND model human breast cancer cells are actually transplanted into mouse 

mammary ducts, the same location as they develop in humans, instead of being placed into 

cleared fat pads outside the mammary ductal system. The MIND xenografts initially form in 
situ lesions followed by progression to invasion as they bypass the mouse mammary ducts 

and the basement membrane (Fig. 5A).

MIND xenografts were created using NEMO-KD MCF7 and ER+/PR+ DCIS.com cells as 

well as the control cells followed by mammary gland excision 6 and 8 weeks post-

intraductal transplantation, respectively. Both cell lines showed a significant increase in 

invasive progression with NEMO-KD compared to the control groups (Fig. 5B–E). 

Additionally, there was a significant increase in in vitro cell survival and proliferation in 

MCF7 NEMO-KD cells compared to control (Supplementary Fig. S3 A–D), while these 

values did not reach statistical significance in ER/PR+ DCIS.com cells (data not shown).

A search for a clue to these unexpected results led to a link between NEMO and IL-6/STAT3 

signaling as well as a STAT3 transcriptional target, tumor suppressor protein promyelocytic 

leukemia (PML). PML is a founding member of a growing family of proteins that contain a 

distinctive C3HC4 zinc finger domain termed RING (really interesting gene). Another 

prominent member of this RING domain containing family is BRCA1 known for its role in 

tumor suppression and genomic stability (29). PML is critical for the formation and stability 

of PML nuclear bodies (PML-NBs), macromolecular sub-nuclear structures implicated in 

tumor suppression functions including apoptosis, growth arrest and cellular senescence (29). 

Recently, it has been shown that IL-6 signaling represents an important regulator of PML 

nuclear expression (23). In this study, NEMO-KD was associated with down regulation in 

NFκB activity, suppression in IL-6 and phospho-STAT3 expression, and a decrease in PML 

mRNA and protein levels (23). Indeed, STAT3 activated transcription of PML by directly 

binding to the promoter region of PML (23). We also evaluated the effect of NEMO-KD on 
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the expression of RIPK1. NEMO has been shown to bind to and stabilize RIPK1 by 

preventing Lys48 linked RIPK1 ubiquitination and degradation. (28). RIPK1 plays a dual 

role in cell survival and cell death (28,30,31). RIPK1 can promote cell death through the 

activation of caspase 8 and/or JNK. RIPK1 can also promote cell survival and proliferation 

through the activation of MAPK and NFκB pathways (28). Therefore, RIPK1 functions as a 

hub, where a decision is made for both cell survival and cell death depending on the cellular 

context and a balance in RIPK1 binding partners. We reasoned that NEMO-KD might push 

the balance towards RIPK1 mediated cell proliferation and survival. Therefore, we 

proceeded with examining the expression of IL-6, pSTAT3Ser727 (phosphorylated serine 

727), PML, and RIPK1 in MCF7 and ER+/PR+DCIS.com MIND xenografts with and 

without NEMO-KD. These studies showed that NEMO-KD MCF7 xenografts when 

compared to control showed a significant reduction in IL-6 (Fig. 6A [a. vs. b.] and Fig. 6B 

[a]), pSTAT3Ser727 (Fig. 6A [c. vs. d] and Fig. 6B [b]), and PML (Fig. 6A [e. vs. f] and Fig. 

6B [c]). NEMO-KD cells also showed a non-significant increase in RIPK1 (Fig. 6A [g. vs. 

h.] and Fig. 6B [d]) and a significant increase in expression of Phospho-p44/42 MAPK 

(pERK) (Fig. 6A [i. vs. j.] and 6B [e.]) two oncogenic proteins known to also be regulated 

by NEMO (28,30). We repeated these results in ER+/PR+ DCIS.com and showed that 

NEMO KD was also associated with a significant reduction in IL-6, pSTAT3Ser727 and PML 

(Supplementary Fig S4A and B) expression. These studies indicate that NEMO-KD is 

associated with a reduction in PML and this may be through the regulation of NFκB/IL-6/

STAT3 signaling. NEMO-KD induced PML down regulation represents one mechanism by 

which NEMO-KD xenografts showed higher in vivo tumorigenicity. Since over expression 

of RIPK1 has been shown to promote melanoma cell proliferation (4) and we have observed 

a non-significant increase in RIPK1 with NEMO-KD, we can not rule out the possibility that 

an imbalance in the expression of RIPK1 played a role in NEMO-KD induced 

tumorigenicity.

While, we have focused on DCIS in this study, the NEMO protective pathway may also have 

relevance to invasive breast cancers. Our analysis of the Kaplan Meier Plotter in invasive 

breast cancers showed that higher NEMO mRNA expression was associated with higher 

recurrence free survival (RFS) in all breast cancers including luminal A and luminal B breast 

cancers. Similar to NEMO, higher PML was also associated with higher RFS in all breast 

cancers including luminal A and B breast cancers. Interestingly, higher PML was also 

associated with higher overall survival in all breast cancers (32) (Supplementary Fig. S5 and 

Supplementary Table. S3).

Discussion

Our experiments showed that those DCIS epithelial cells that responded to E+P by increased 

mammosphere formation efficiency also showed high level expression of IL-6 secretion in 

the culture medium. Since a link between E+P and IL-6 had not been shown previously, we 

searched transcription binding site databases and found that the IKBKG gene, which 

encodes NEMO, contains several potential ER binding sites. Indeed, ChIP analysis on 

several primary DCIS samples and ER/PR positive cell lines showed that, upon E+P 

treatment, ER bound to the NEMO promoter only in high ER/PR expressing patient samples 

and breast cancer cell lines. E+P treatment was also associated with increased expression of 
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NEMO at the protein and RNA levels, activation of NFκB and IL-6 secretion. Since NEMO 

is a known activator of NFκB signaling and IL-6 secretion, our results indicate that NEMO 

may serve as a link between E+P signaling and IL-6 secretion in breast epithelial cells. 

Since, previous studies had shown IL-6 to be a direct regulator of breast CSC self-renewal 

and to promote breast cancer progression (18–21), we expected NEMO-KD to prevent DCIS 

invasive progression. On the contrary, NEMO-KD resulted in an unexpected increase in 

cellular proliferation, survival and in vivo invasive progression of DCIS xenografts.

Role of NFκB essential modulator (NEMO) in tumorigenesis

NEMO is the regulatory subunit of the IKK (inhibitor of NF-kappa-B kinase) core complex, 

which phosphorylates the inhibitor of NF-kappa-B (IκB) thus promoting the dissociation of 

the IκB and ultimately degradation of the inhibitor and subsequent activation of NFκB 

signaling. While NFκB signaling is known for its role in inflammation and innate immunity, 

it is also recognized as a crucial player in cancer promotion including breast cancer (33,34). 

A search for a mechanism by which a knockdown in NEMO, an activator of NFκB 

signaling, could promote tumor progression led to two possible scenarios. First, NEMO may 

regulate the stabilization of RIPK1, a kinase known to play a role in directing a cell’s 

decision to live or die (28,31). RIPK1 functions as a hub, where a decision is made for both 

cell survival and death dependent on the cellular context and a balance in RIPK1 binding 

partners. Our studies showed that NEMO-KD resulted in a non-significant increase in 

RIPK1 and a significant increase in phosphor-ERK expression. While, the mechanism by 

which NEMO-KD would result in an increase in RIPK1 protein expression is not clear, 

overexpression of RIPK1 has been shown to promote melanoma cell proliferation and 

anchorage independent growth (31). Therefore an imbalance in the expression levels of 

RIPK1 could still provide an explanation for higher tumorigenicity of NEMO-KD cells.

NEMO regulation of PML represents another possible mechanism for its anti-tumorigenic 
effects in breast cancer

NEMO is a known activator of NFκB signaling and IL-6 secretion. IL-6 receptor activation 

induces JAK/STAT3 signaling. Both serine and tyrosine phosphorylated STAT3 have been 

shown to play pleotropic roles in normal mammary gland development and oncogenesis 

(35). A recent study showed that IL-6/STAT3 signaling activates transcription of PML by a 

direct binding of STAT3 to the PML promoter region (23). While, the role of IL-6/STAT3 

signaling in prevention vs. promotion of breast cancer has been debated, STAT3 regulation 

of PML may represent one mechanism for IL-6 induced tumor suppression.

Protective role of E+P in breast cancer through the regulation of NEMO

The most compelling evidence regarding the risk of breast cancer with hormonal therapy 

comes from two randomized trials conducted by the National Institutes of Health. These 

large studies that included 27,000 women ages 50 to 79 showed that E+P was associated 

with significantly higher risk of breast cancer and the risk increased with the length of time 

that women took the hormones (36,37). Nurse’s Health Study that included 116,000 women 

between the ages of 24 to 43 years found that those who took oral contraceptives had a slight 

increase in breast cancer risk. However, the accumulative risk was primarily among women 

who took the “triphasic” formulation (38). Several groups have demonstrated the ability of E
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+P to enhance self-renewal of mammary stem cells and result in cancer progression(39). 

However, these studies have all utilized models of normal mammary epithelium or IDC, and 

have not focused on the role of E+P in the critical transition from non-invasive DCIS to IDC.

Despite the above results showing harmful effects of E+P treatment, Carroll laboratory 

recently demonstrated that PR directed ERα chromatin binding which resulted in the 

expression of a gene signature associated with good clinical outcome. Furthermore, they 

showed that progesterone inhibited estrogen mediated growth of ERα positive cell lines and 

primary ERα positive breast tumor xenografts (13). Further proof of phenotypic antagonism 

between ER and PR in breast cancer, has been demonstrated by Singhal H and colleagues 

(40). By utilizing primary ER/PR positive primary breast cancer cells and cell lines, this 

group showed that each hormone alone, E or P, in isolation regulated the expression of 

common genes and cellular processes, i.e. cell proliferation. However, in the presence of 

both hormones, progesterone exerted an anti-estrogenic effects with regards to tumorigenic 

transcriptome, cellular processes and ER/PR recruitment to genomic sites (40). Other groups 

have also shown that progesterone treatment prevented the growth of some ER/PR positive 

breast cancer cell lines as well as patient derived xenografts (41–43). Medina and 

colleagues, using the p53-null mammary transplant model, showed that a 2-week exposure 

to estrogen and progesterone during the immediate post-pubertal stage of mammary 

development resulted in a significant decrease in mammary tumorigenesis (12). All together, 

these results point to the necessity for a closer look at the molecular mechanisms and 

intracellular signaling molecules regulated by ER/PR signaling vs. ER or PR alone. We 

propose that NEMO regulation of PML expression may represent one mechanism for ER/PR 

anti-tumorigenic effects in breast cancer.

Role of PML in tumor suppression

Our studies showed NEMO-KD to result in a significant reduction in PML nuclear 

expression. This indicates that NEMO, either directly through the regulation of IL-6/STAT3 

signaling or indirectly by other unknown mechanisms regulates PML expression and 

function. The tumor suppressor protein, PML, was originally discovered in Acute 

Promyelocytic Leukemia (APL), as the fusion partner protein with retinoic acid receptor 

alpha (RARα). This fusion protein is referred to as PML-RARα (29). Indeed, the formation 

of PML-RARα has been recognized as the underlying etiology of APL since expression of 

PML-RARα was sufficient to induce leukemia in transgenic animals, while a dominant 

negative RARα mutant failed to do so. This reveals the important role of a functional 

disruption in PML in leukemogeneis (44). PML is the core component of subnuclear 

structures known as PML nuclear bodies (PML-NBs). PML-NBs are important in cell cycle 

arrest, survival and apoptosis. Indeed, inactivation or down-regulation of PML has been 

found in many cancers. A large number of PML protein partners (>120) have been identified 

to physically interact with PML, and to co-localize with PML-NBs (45). Although, many 

mechanisms have been proposed, two of such mechanisms include the interaction of PML 

with p53 facilitating its transcriptional activation, and PML cooperation with pRB in 

formation of senescence-associated heterochromatin foci (46). In conclusion, our studies 

reveal a novel mechanism by which E+P may protect against aggressive breast cancer by 

regulating the expression of NEMO and activation of IL-6/STAT3 signaling subsequently 
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leading to the expression of a tumor suppressive protein, PML (Fig 7). Due to heterogeneity 

in DCIS and a small sample size used in our studies, our conclusion may hold true for a 

subset of ER+/PR+ breast cancers. Furthermore, a formal proof that E+P regulation of 

NEMO plays a protective role in breast cancer requires a model in which E+P is protective 

against breast cancer and then show that the loss of NEMO in that model resulted in loss of 

E+P protection against breast cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Only a subset of patient-derived ER+/PR+ DCIS cells responded to hormone treatment in 
vitro by increasing mammosphere formation efficiency. (A) Only a subset of cases 

responded to steroid hormone treatment in vitro by increasing mammosphere-forming 

efficiency (cases 7–11). Data are presented as mean± SEM. (*indicates E+P increased 

mammosphere efficiency compared to vehicle control, P<0.05). (B) Representative IF 

images of primary mammospheres from three patient biopsies embedded in paraffin. FSP1 is 

shown in green (Fibroblast marker), K5/K19 in red (Epithelial marker), and Hoechst in blue, 

demonstrating the appearance of stromal (FSP1 positive), epithelial (keratin positive), and 

mixed stromal and epithelial mammospheres (mixed). (C) Bar graph representing 

quantification of epithelial-derived, stromal derived, and mixed epithelial and stromal 

derived mammospheres, comparing E+P treated to control. The data represent the mean ± 

SEM (n=3, *P<0.05).
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Figure 2. 
E+P treatment of patient derived DCIS cells results in increased mammosphere efficiency in 
vitro and increased IL-6 expression as a function of invasive progression in patients’ DCIS. 

(A) Graph depicts mammosphere formation efficiency in representative cases of non-

responders (3 total cases examined) and a responder (1 total case examined), and (B) 

corresponding IL-6 secretion as measured by ELISA of the cell culture media (*P<0.05 

compared to vehicle control). (C) Boxplots showing the distribution of IL-6 expression from 

30 cases of pure DCIS and 60 cases of DCIS with IDC. A two-sample t-test was used to 

compare expression in pure DCIS to expression in DCIS with associated with IDC. 
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Expression was higher in DCIS with associated IDC compared to pure DCIS. On DCIS with 

associated IDC samples, IL-6 expression was also significantly higher when comparing 

DCIS regions to the corresponding IDC regions using a paired t-test. IL-6 expression levels 

were quantified using Metamorph. (D) Representative images of pure DCIS stained for IL-6 

(green) and K-5 and-19 (red). (E) Representative images from patients with both DCIS (left) 

and IDC (right), stained for IL-6 (green) and K-5 and-19 (red).
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Figure 3. 
(A) Cells from patient samples of atypical hyperplasia and DCIS were cultured under non-

adherent conditions for 1 week in the presence of vehicle, E (10nM), P (100nM), or E+P. 

NEMO and IL-6 gene expression was measured by qPCR. (B) ER+PR+ breast cancer cells 

were cultured as monolayers for 12 hours in the presence of vehicle, E (10 nM), P (10nM), 

or E+P. NEMO gene expression was measured by qPCR. Data are presented as mean± SEM. 

* P < 0.05 compared to vehicle control. ChIP assays were performed on MCF7 breast cancer 

cells (C) and on primary patient DCIS with IDC (D) treated with vehicle, E (10nM), P 

(10nM), or E+P for 1h. Immunoprecipitation was performed using an anti-ER antibody and 

qPCR was performed using primers targeting the potential ERE within the IKBKG promoter 

region. Data is presented as mean± SEM. * P<0.05 compared to IgG control.
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Figure 4. 
NEMO is required for the E+P-induced increase in NFκB activation and IL-6 secretion in 

ER+PR+ breast cancer cells. (A) Western analysis was used to confirm knock down of 

NEMO in MCF7 and BT474. NT: non-transduced control. NS: scrambled non-silencing 

control. KD: NEMO-targeting shRNA. (B) MCF7 and BT474 cells were serum-starved for 

24h before treatment with 10nM E and 10nM P. Nuclear extract was collected 48 h later and 

NFκB p65 activity within the nucleus was measured. * P<0.05 compared to vehicle (V) 

control. (C) MCF7 and BT474 cells were serum-starved for 24 h before treatment with 

10nM E and 10nM P. Cell culture media was collected 48h later and IL-6 secretion was 

measured by ELISA. * P<0.05 compared to vehicle (V) control.
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Figure 5. 
NEMO-KD DCIS lesions showed increased in vivo invasive progression. (A) MIND is a 

transplantation technique that involves intraductal injection of DCIS cells into the primary 

mouse mammary ducts (a). (b) Normal mammary ducts include a single layer of ductal 

epithelium surrounded by a layer of myoepithelium. (c) Ductal carcinoma in situ (DCIS) 

refers to in situ or non-invasive breast cancer in which cancer cells are contained within the 

boundaries of the myoepithelial layer and the basement membrane. (d) Invasive DCIS refers 

to DCIS lesions in which the cancer cells have bypassed the normal boundaries of the 

myoepithelial layer and have invaded the surrounding stroma. Invasive DCIS is assessed by 

counting the number of invasive DCIS lesions per high power field as well as the maximum 

distance traveled by the cancer cells beyond the mammary ductal system; indicated by the 

red bracket in (d). Glands from control and NEMO-KD MCF7 (B and C) and ER+/PR+ 

DCIS.com (D and E) MIND xenografts were collected at 6 and 8 weeks post-intraductal 

injection, respectively. IF staining of K5/19 (red), SMA (green), and hoechst (blue) in MCF7 

(B) and ER+/PR+ DCIS.com (D) MIND demonstrating how distance of invasion was 

measured. (C and E) Bar graphs represent the maximum distance of invasion and number of 

invasive lesions in control and NEMO KD for MCF7 (C) and ER+/PR+ DCIS.com (E) 

MIND xenografts. Data represent the mean ± SEM. (n=4, *P<0.05).
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Figure 6. 
NEMO-KD DCIS lesions showed a significant reduction in IL-6 signaling and PML 

expression. Glands from control and NEMO-KD MCF7 MIND xenografts were collected at 

6 weeks post-intraductal injection and expression of different markers in NEMO-KD MIND 

xenografts were measured. (A) IF images of control (a,c,e,g, and i) and NEMO-KD MCF7 

(b,d,f,h, and j) xenografts stained with IL-6 (a and b) shown in green, pSTAT3 (c and d) in 

red, PML (e and f) in red, RIPK1 (g and h) in red and pERK (i and j) in red, K19 shown in 

green, and hoechst in blue. Scale bars=50μm (10μm for PML images), 40x magnification. 

The white arrows point to the PML nuclear bodies (B) Bar graphs of fluorescence intensity 

units for IL-6 (a), pSTAT3 (b), PML (c), RIPK1 (d) and p-ERK (e) in control and NEMO-
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KD MCF7 cells. Measurements were obtained by Metamorph. The data represent the mean 

±SEM (n=4, *P<0.05).
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Figure 7. 
An illustration of mechanism by which E+P may protect against aggressive breast cancer. E

+P increases ER binding to the IKBKG promoter and results in increased NEMO 

expression. NEMO is the regulatory subunit of the IKK (inhibitor of NF-kappa-B kinase) 

core complex, which phosphorylates the inhibitor of NF-kappa-B (IκB) thus promoting the 

dissociation of the IκB and ultimately degradation of the inhibitor and subsequent activation 

and nuclear translocation of NFκB. NF-κB signaling promotes NFκB target gene 

transcription, including IL-6, and activation of IL-6/STAT3 signaling subsequently leading 

to the expression of a tumor suppressive protein, PML.

Valdez et al. Page 23

Cancer Res. Author manuscript; available in PMC 2021 June 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Methods
	Specimen collection
	Cell culture
	Animals and transplantation
	NFκB p65 activity
	IL-6 secretion
	In vivo invasion studies

	Results
	Hormones (E+P) promote increased mammosphere formation efficiency of primary epithelial and stromal cells derived from ER+PR+ DCIS
	E+P treated cases that exhibited increased mammosphere formation efficiency showed a significant increase in IL-6 secretion
	IL-6 expression is higher in DCIS with associated IDC compared to pure DCIS
	The NFkB regulator, NEMO, is transcriptionally controlled by E+P
	NEMO is required for NFκB activation and IL-6 secretion in response to E+P
	NEMO knockdown DCIS lesions showed increased in vivo invasive progression

	Discussion
	Role of NFκB essential modulator (NEMO) in tumorigenesis
	NEMO regulation of PML represents another possible mechanism for its anti-tumorigenic effects in breast cancer
	Protective role of E+P in breast cancer through the regulation of NEMO
	Role of PML in tumor suppression

	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7

