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Abstract

Estrogen receptor (ER) positive breast cancers often contain subpopulations of cells that express 

the intermediate filament protein cytokeratin 5 (CK5). CK5+ cells are enriched in cancer stem cell 

(CSC) properties, can be induced by progestins, and predict poor prognosis in ER+ breast cancer. 

We established through CK5 knockout and overexpression in ER+ breast cancer cell lines that 

CK5 is important for tumorsphere formation, prompting us to speculate that CK5 has regulatory 

activity in CSCs. To interrogate CK5 interacting proteins that may be functionally cooperative, we 

performed immunoprecipitation-mass spectrometry for CK5 in ER+ breast cancer cells. Focusing 

on proteins with signaling activity, we identified β-catenin, a key transcription factor of the Wnt 

signaling pathway and cell adhesion molecule, as a CK5 interactor, which we confirmed by co-

immunoprecipitation in several breast cancer models. We interrogated the dual functions of β-

catenin in relation to CK5. Knockout or knockdown of CK5 ablated β-catenin transcriptional 

activity in response to progestins and Wnt stimuli. Conversely, CK5 induced by progestins or 

overexpression was sufficient to promote loss of β-catenin at the cell membrane and total E-

cadherin loss. A breast cancer patient-derived xenograft showed similar loss of membrane β-

catenin and E-cadherin in CK5+ but not intratumoral CK5− cells and single cell RNA sequencing 

found the top enriched pathways in the CK5+ cell cluster were cell junction remodeling and 

signaling. This report highlights that CK5 actively remodels cell morphology and that blockade of 

CK5-β-catenin interaction may reverse the detrimental properties of CK5+ breast cancer cells.

INTRODUCTION

Over three quarters of newly diagnosed breast cancers are estrogen receptor ⍺ (ER) positive 

based on immuno-detection in 1–99% cells (1, 2). Such heterogeneity in ER expression is 

poorly understood and may be a contributing factor in the õne third of patients that acquire 

resistance to standard endocrine therapies (3). In fact, intratumoral heterogeneity in ER 

expression was recently linked to worse prognosis (4), and little is known about the co-
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existent ER− cell populations. Roughly half of ER+ tumors contain a predominantly ER− 

subpopulation that expresses intermediate filament protein cytokeratin 5 (CK5) (5). Our 

group and others have shown that CK5+ cells exhibit all the hallmarks of breast cancer stem 

cells (CSCs) including enhanced tumor initiation, tumorsphere formation, and drug 

resistance compared to intratumoral CK5− cells (6–10). CK5 expression can be preexisting 

or acquired in breast cancer through hormone regulation. Either long-term estrogen 

withdrawal or progestins increase the CK5+ population in ER+ breast cancer cell lines (6, 9, 

10). In clinical samples treated with neoadjuvant endocrine therapy, the number of CK5+ 

cells increased in post- compared to pre-treatment samples (9). Progestin-activated 

progesterone receptors (PR) bind to the proximal promoter of the CK5 gene (KRT5) and 

upregulate CK5 transcripts and protein (6, 7). Progestins and PR promote tumorsphere 

formation in ER+ breast cancer cell lines (7, 11) and shRNA knockdown of CK5 ablates this 

effect (7). This suggests that CK5 may have a functional role in promoting CSC properties.

Cytokeratins (CK) are often used as lineage and differentiation markers in the normal breast 

and in histological characterization of breast cancer. In the normal breast, CKs 8, 18, and 19 

are typically found in the luminal epithelial layer while CKs 5, 14, and 17 are found in the 

basal epithelial layer (12, 13). However, sporadic CK5+ cells are present in luminal cells in 

the terminal ductal lobular unit (TDLU) and have been described as bi-potent stem/

progenitor cells (14–16). CK5+ cells are also implicated as the potential origin of BRCA1 

mutant basal-like breast cancer (BLBC) (17, 18), and CK5 is a defining marker of this 

aggressive subset of triple negative breast cancer (19). However, CK5 is not restricted to 

BLBC and its expression is associated with poor prognosis across all breast cancer subtypes 

(19–23). The defining features that make CK5+ cells aggressive are unknown.

Cytokeratins (CKs) are the major structural proteins of epithelial cells that protect the cell 

from mechanical and non-mechanical stress (24, 25). They have a conserved structure 

consisting of a central rod domain that facilitates hetero-dimerization between Type I (9–23) 

and Type II (1–8) CKs and a head and tail domain that controls CK dynamics, post-

translational modifications, and protein-protein interactions (26, 27). Several reports 

implicate that CK5 and its common dimeric partner CK17 regulate cell signaling. In 

keratinocytes, CK17 interacts with the scaffolding protein 14–3-3σ and is necessary for 

mTOR activation and cell proliferation (28, 29). Likewise, CK17 regulates cell size in oral 

squamous carcinoma cells through a 14–3-3σ complex (30). In breast, cervix, and pancreatic 

cancer cells CK17 binds to p27KIP1 to induce its nuclear export and subsequent G1-S-phase 

transition, implicating CK17 as an oncoprotein (31). A CK5/CK17/14–3-3σ complex 

interacts with the actin cytoskeleton to increase invasiveness of BLBC cells (32). These 

studies highlight the emerging dual structural/signaling activities of CKs in cancer cells 

through key protein-protein interactions.

In this study we investigated the contribution of CK5 to CSC properties in breast cancer 

cells. We found that manipulation of CK5 through knockout or overexpression in ER+ breast 

cancer cell lines was sufficient reduce or enhance tumorsphere formation, respectively. We 

therefore interrogated potential CK5 interacting proteins by immunoprecipitation-mass 

spectrometry (IP-MS) and identified β-catenin, a Wnt signaling pathway downstream 

protein and adhesion molecule, as an interacting protein. Herein we demonstrate that CK5 

McGinn et al. Page 2

Oncogene. Author manuscript; available in PMC 2020 July 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



alters both the transcription factor and adhesion functions of β-catenin. Strikingly, CK5 

expression is sufficient to translocate β-catenin to the cytosol, where it is primed for 

transcriptional activity, and reduce E-cadherin localization to the cell membrane in cell line 

and tumor models. Disruption of CK5-mediated β-catenin/E-cadherin remodeling may be an 

effective way to therapeutically target this population of poor prognostic cells.

RESULTS

CK5 is required for progestin-induced and sufficient for de novo tumorsphere formation

We previously demonstrated that shRNA knockdown of CK5 blocked progesterone- induced 

tumorsphere formation in ER+ breast cancer cells (7), and therefore speculated that CK5 

may have a functional role in regulating the CSC property of self-renewal. To further test 

this hypothesis, we generated CRISPR-Cas9-mediated CK5 knockout (CK5KO) T47D 

breast cancer cells. CK5 expression was induced by the synthetic progestin R5020 in control 

cell lines (that underwent unsuccessful gene editing of CK5, CRISPRcont), but not in 

CK5KO cell lines (Figure 1A). Progestin treatment increased tumorsphere size in 

CRISPRcont but not CK5KO cell lines (Figure 1B, Supplemental Figure 1A), confirming our 

previous studies with CK5 shRNA (7). Proliferation in 2D under standard media conditions 

found slowed growth of CK5KO-56 but not CK5KO-44 compared to CRISPRcont cells 

(Supplemental Figure 1B). Both CK5KO cell lines had significantly impaired colony 

formation compared to CRISPRcont cell lines (Figure 1C, Supplemental Figure 1C).

To study if exogenous CK5 expression would impact ER+ breast cancer cells, T47D, MCF7, 

and ZR75–1 cells were transduced with a viral construct overexpressing CK5 (CK5OE) or 

empty vector (EV) control. CK5 expression was confirmed by immunoblot (Figure 1D) and 

immunocytochemistry (ICC) (Supplemental Figure 1D). CK5OE T47D and MCF7 cells 

formed significantly more tumorspheres than EV cells (Figure 1E, Supplemental Figure 1E). 

ZR75–1 cells failed to form tumorspheres under any conditions. Taken together, these data 

support that CK5 is necessary for progestin-induced large tumorspheres and sufficient to 

increase tumorsphere formation in the absence of hormones in breast cancer cell lines. Thus, 

self-renewal dynamics of breast cancer cells may be regulated by CK5.

CK5 interacts with β-catenin

To interrogate mechanisms by which CK5 alters cell behavior and, based on published 

reports of CK interactions impacting cell signaling, we performed IP-MS to identify CK5 

interacting proteins. For this experiment we utilized a syngeneic T47D cell line, EWD8, that 

has high basal levels of CK5 (5) (Supplemental Figure 2A). CK5 is efficiently 

immunoprecipitated with high sequence coverage in EWD8 cells (Figure 2A, Supplemental 

Figure 2B). Two independent IP-MS experiments were performed in EWD8 cells with 281 

common proteins identified (Figure 2B). Several proteins with established CK5 interaction 

were identified including CK17 and desmosomal components such as plectin (Supplemental 

Figure 2C). We validated CK5 interaction with CK17, a heterodimeric binding partner of 

CK5, by co-IP (Supplemental Figure 2D).
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To identify candidate interactors most likely to influence a CSC phenotype in conjunction 

with CK5, we performed several stratification steps. First, we filtered the list of 281 proteins 

identified by IP-MS through the CRAPome to remove proteins commonly found in >20% of 

affinity purification experiments (33). This reduced the number of proteins to 149. Second, 

we ran the 149 proteins through Ingenuity Pathway Analysis (IPA) and identified 8 

transcription regulators (Figure 2C) including β-catenin, a key transcription co-factor of the 

Wnt signaling pathway and essential component of adherens junctions (34), and a well-

known regulator of both normal and CSCs (35, 36). Third, IPA analysis on gene expression 

data comparing EWD8 to wild-type T47D cells (5), identified the Wnt signaling pathway 

among the top enriched pathways in EWD8 cells (Figure 2D, Supplemental Figure 2E). We 

confirmed that CK5 and β-catenin interact by co-IP in EWD8 cells and two additional CK5+ 

breast cancer models: patient-derived xenograft (PDX) UCD46 and BLBC cell line MDA-

MB-468 (Figure 2E, Supplemental Figure 3). As an additional control, we confirmed the 

CK5/β-catenin interaction is lost in stable CK5 knockdown MDA-MB-468 cells (Figure 2F). 

Finally, knockdown of β-catenin via siRNA in both T47D-EV and CK5OE cells decreased 

tumorsphere formation (Supplemental Figure 4A&B). Thus, we pursued β-catenin as a CK5 

associated protein that could mediate CSC properties.

CK5 enhances β-catenin transcriptional activity

Since canonical Wnt signaling is important for CSC maintenance, we first investigated how 

CK5 affects β-catenin activity. To test this, we employed the TOPFlash reporter assay which 

contains seven TCF/LEF binding sites upstream of the luciferase cDNA sequence to 

measure β-catenin transcriptional activity. We used lithium chloride (LiCl) as a positive 

control for all TOPFlash experiments, which inhibits GSK3-β, the key kinase in the β-

catenin destruction complex (37). Since progestins increase several Wnt proteins, we first 

tested their effect on β-catenin transcriptional activity. In T47D and ZR75–1 cells 

transfected with TOPFlash, progestins stimulated β-catenin activity (Figure 3A&B), an 

effect eliminated in T47D CK5KO vs. control cells (Figure 3C). To test if Wnt expression is 

affected by CK5 status, we measured mRNA expression of Wnt1, a reported PR target gene 

(38), and a non-Wnt related PR target gene, MAFB. We found that Wnt1 expression was 

induced by R5020 in CRISPRcont cells but not CK5KO cells (Figure 3D, top). By contrast, 

MAFB expression was induced in both CRISPRcont and CK5KO cells (Figure 3D, bottom). 

These data support that CK5 is important for progestin-induced β-catenin transcriptional 

activity in ER+ luminal breast cancer cells, and imply that CK5+ cells may be the targets of 

P-induced Wnt expression.

Since we noted a CK5/β-catenin interaction in BLBC in addition to ER+PR+ luminal breast 

cancer cells, we next determined whether CK5 was necessary for β-catenin activity in 

BLBC. To test this, we created MDA-MB-468 BLBC cells with stable shRNA knockdown 

of CK5 using two constructs. One construct produced a near complete loss of CK5 (shCK5–

22, >90%) while the other produced a partial knockdown (shCK5–88, 60%) (Figure 3E). 

Since MDA-MB-468 cells are PR negative, we used the canonical ligand Wnt3a as a 

stimulus. β-catenin activity was induced by Wnt3 in control (shCont) cells which was 

attenuated in the complete, but not the partial, CK5 knockdown cells (Figure 3E&F). 

Interestingly, β-catenin activity in response to LiCl positive control was highly and 
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moderately reduced in the complete and partial CK5 knockdown cells, respectively (Figure 

3E&F), an effect not observed with CK5 loss in luminal breast cancer cells. This implies β-

catenin stability is highly dependent on CK5 in BLBC, even with inhibition of the 

destruction complex. In fact, LiCl treatment of EWD8 cells enhanced the β-catenin/CK5 

interaction (Supplemental Figure 4C), suggesting luminal and BLBC differentially regulate 

β-catenin pools, as previously reported (39, 40).

CK5 promotes loss of β-catenin at the cell membrane

β-catenin is an essential component of cell adhesions through its interaction with E-cadherin 

on the cytoplasmic side of the cell membrane (34). Loss of β-catenin at the membrane leads 

to cytoplasmic accumulation where it is poised for nuclear translocation and activity upon 

Wnt stimulus, or otherwise degraded (41). To determine whether CK5 affects β-catenin 

localization, we performed dual ICC and confocal microscopy in our CK5 overexpressing 

cell lines. In CK5OE T47D and ZR75–1 cells, CK5+ cells show notable loss of membrane 

β-catenin compared to EV cells (Figure 4A&B). Quantitation of low (0–25%), medium (25–

75%) and high (75–100%) membrane β-catenin found a significant shift in the proportion of 

CK5+ cells with low membrane coverage (16% to 68% in T47D and 27% to 52% in ZR75–1 

EV and CK5OE cells, respectively) (Figure 4A&B). Note only a subpopulation of CK5OE 

T47D cells express CK5, similar to our published observations with progestin treatment (6–

8), and the intra-culture CK5− cells retain membrane β-catenin (Figure 4A). We also 

assessed β-catenin localization by subcellular fractionation followed by immunoblot and 

found that membrane β-catenin decreased in T47D-CK5OE vs. control EV cells 

(Supplemental Figure 5). These data suggest that CK5 expression is sufficient to reduce 

membrane β-catenin.

We next assessed β-catenin localization in luminal breast cancer cells with CK5 induced by 

estrogen depletion (EWD8 cells) or progestin treatment. EWD8 cells had a fewer cells with 

high membrane β-catenin compared to parental T47D cells (Figure 4C). Loss of 

membranous β-catenin also occurred in CK5+ cells induced by progestin treatment (Figure 

4E). However, a similar reduction in membrane β-catenin was also found in CK5− cells 

(Figure 4E). This suggests progestins may promote shuttling of β-catenin in breast cancer 

cells, regardless of CK5 status, although the ability to induce CK5 is necessary for β-catenin 

activity (Figure 3C).

In the CK5+ BLBC cell line MDA-MB-468, baseline membranous β-catenin is low and is 

instead concentrated around the nucleus (Figure 4D). Furthermore, CK5 knockdown (shCK5 

#22) compared to control cells showed a complete loss of membrane β-catenin, marked 

lower β-catenin staining overall, and a transition to a more elongated mesenchymal-like 

morphology. This implies a strong dependency of β-catenin stability on CK5 in BLBC cells 

and explains the drastic loss of β-catenin transcriptional activity with CK5 loss (Figure 3F).

CK5 reduces membrane and total E-cadherin

Trafficking of membrane β-catenin is associated with loss of membrane E-cadherin (34). 

Given the profound effect of CK5 on β-catenin localization, we investigated its impact on E-

cadherin localization. T47D and ZR75–1 CK5OE cells displayed loss of E-cadherin at the 
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cell membrane, with the proportion of cells with low (0–25%) membrane E-cadherin 

staining shifting from 28 to 66% and 2 to 42% in T47D and ZR75–1 CK5OE vs. EV cells, 

respectively (Figure 5A&B). Immunoblot analysis showed that total E-cadherin, but not β-

catenin, was decreased in T47D, ZR75–1, and MCF7 CK5OE compared to EV cells and 

EWD8 compared to parental T47D cells (Figure 5C). These results suggest that CK5 

stabilizes cytosolic β-catenin and in the process destabilizes E-cadherin. Interestingly, 

MDA-MB-468 shCK5–22 compared to shCont cells had near total loss of both β-catenin 

and E-cadherin protein levels (80% and >95% decreases, respectively, Figure 4D). β-

catenin, but not E-cadherin, could be partially rescued upon treatment with proteasome 

inhibitor MG-132 in shCK5–22 cells (Figure 5D). These data highlight differences in β-

catenin dynamics between CK5+ luminal and BLBC cells, and that the CK5+ luminal cells 

should be considered a distinct cell type.

CK5+ cells in ER+ patient-derived tumor models have altered adherens junctions

To assess whether the observed alterations in β-catenin and E-cadherin adherens junctions 

are present in solid tumor models, we analyzed PDX UCD15, which contains a mosaic of 

intratumoral CK5+ and ER+ cells (Figure 6A). Dual fluorescent IHC for CK5 and either β-

catenin or E-cadherin found CK5+ UCD15 cells have reduced membrane β-catenin and E-

cadherin compared to intratumoral CK5− cells (Figure 6B). To further interrogate this 

relationship, we analyzed single cell RNA sequencing data from PDX UCD15 and 

performed unbiased clustering analysis. UCD15 partitioned into 7 transcriptomic clusters, 

with CK5 (KRT5) being a defining gene for cluster #5. IPA analysis of all cluster #5 genes 

found the top functions are remodeling of adherens junctions and associated endocytosis 

pathways. These results confirm our cell line observations that CK5 expression is associated 

with loss of adherens junctions, a cell morphology associated with poor clinical outcome 

(39, 42, 43). Figure 7 depicts our proposed model of transition from a luminal (CK5−) to 

luminobasal (CK5+) state in ER+ breast cancer with respect to β-catenin and E-cadherin 

adherens junctions.

DISCUSSION

Cytokeratins are the major intermediate filament structural proteins of epithelial cells and 

are frequently used to stratify carcinomas into site of origin, tumor subtype, and to predict 

clinical course (44). CK5 is a Type II high molecular weight keratin of particular 

significance in the biology of normal and malignant breast tissue. In the normal human 

breast, while CK5 is ubiquitously expressed in the basal epithelial layer and has 

controversially been labeled a “basal cytokeratin” (16, 45), it is also expressed in some 

luminal epithelial cells in the TDLU (16). CK5 is a lineage marker of mammary stem and 

luminal progenitor cells(17); the latter are implicated as the cell of origin of BRCA1 mutant 

BLBC (17). Accordingly, CK5 is a signature marker of BLBC along with EGFR, and 

predicts quicker disease progression and worse overall survival compared to CK5− triple 

negative breast cancers (19, 46, 47). Likewise, ER+ and HER2 amplified/ER− breast cancers 

with positive vs. negative CK5 immunostaining have inferior outcome (20). CK5+ER− cells 

within ER+ breast cancers have CSC properties (6–10). The presence of CK5 in normal 

tissue regenerative cells, cancer initiating cells, and in detrimental cells across all breast 
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cancer subtypes denotes its biological importance. Yet to our knowledge the functional 

contribution of CK5 to the ominous biology of such breast cancer cells has not been studied 

directly.

In the current study, we describe a direct relationship between CK5 expression and β-catenin 

dynamics in ER+ breast cancer in comparison to a typical CK5+ BLBC. Our previous and 

current data support that CK5, through genetic manipulation, is important for tumorsphere 

formation in ER+ breast cancer cell lines, which prompted us to explore unique CK5 protein 

interactors using unbiased IP-MS. Among several interesting candidates, the multifunctional 

protein β-catenin was pursued based on its role as a Wnt signaling effector and component 

of the cadherin cell adhesion complex (34). The Wnt/β-catenin signaling pathway regulates 

normal and cancer cell stemness (48), and has particular relevance to breast cancer, as over 

thirty years ago, Wnt1 overexpression was discovered as sufficient for murine mammary 

tumorigenesis (49). Progesterone upregulates Wnt4 during mammary morphogenesis (50) 

which acts in a paracrine manner to stimulate mammary stem cell expansion (51). In ER+PR

+ breast cancer cells Wnt1 is upregulated by progestins (38). Here we show that progestins 

increase β-catenin transcriptional activity (Figure 3A&B) and that CK5KO blocks this 

activation without loss of total β-catenin protein levels (Figure 3C). Likewise, Wnt1 mRNA 

expression is induced by progestins in control cells and attenuated upon CK5KO (Figure 

3D). This implies Wnt/β-catenin signaling is particularly activated in and important to 

progestin-induced CK5+ breast cancer cells. BLBC have heightened Wnt/β-catenin pathway 

activation (52) and display greater nuclear β-catenin staining than ER+ breast cancers (40). 

Curiously, CK5 knockdown in MDA-MB-468 cells impaired Wnt3 stimulated β-catenin 

activity. However, this occurs by concurrent reduction in β-catenin levels, which could be 

partially rescued by proteosome inhibition (Figure 3F&5D), suggesting CK5 shields β-

catenin from degradation in BLBC, in contrast to luminal breast cancer cells, where β-

catenin is anchored to E-cadherin at the membrane in the absence of CK5. Collectively these 

data support that CK5 stabilizes and primes cytosolic β-catenin for transcriptional activation.

β-catenin is an essential component of epithelial cell adherens junctions, linking the 

cytoplasmic portion of the transmembrane glycoprotein E-cadherin to the actin cytoskeleton 

through α-catenin (34, 53, 54). Disruption of adherens junctions is linked to increased 

motility and worse prognosis in breast cancer (42, 43, 55, 56). Our data show a striking loss 

of β-catenin at the cell membrane in CK5+ cells, whether CK5 is induced by progestins or 

long term estrogen withdrawal, exogenously expressed in ER+ breast cancer cells, or co-

existing with ER+ cells in PDX models (Figure 4&6), with no change in total β-catenin 

levels. By contrast, we found that E-cadherin is not only lost at the membrane in each of 

these models, but its protein levels are reduced by CK5 expression (Figure 5&6). It is likely 

that cytosolic sequestering of β-catenin by CK5 destabilizes E-cadherin. Previous studies 

found E-cadherin mRNA levels were unchanged in CK5+ vs. CK5− EWD8 luminal cells 

(5), suggesting E-cadherin protein stability is altered. BLBC are reported to have 

predominant cytoplasmic and nuclear as opposed to membrane β-catenin staining, a 

phenotype associated with poor prognosis (40). We indeed observed MDA-MB-468 cells 

have a perinuclear β-catenin staining pattern (Figure 4E). However, in contrast to ER+ cells, 

knockdown of CK5 led to drastic loss of β-catenin and E-cadherin and a spindle-like cell 

morphology (Figure 4E & 5D). Remodeling of adherens junctions and trafficking of β-
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catenin is tightly regulated by the process of endocytosis (55, 57), which controls cell 

signaling by movement of proteins through endosomes (58). Several Rab GTPase proteins 

involved in membrane trafficking are predicted to interact with CK5 by our IP-MS data 

(Supplemental Table 1), suggesting a potential mechanism by which CK5 facilitates 

endocytic recycling of β-catenin, and perhaps other proteins. Regulation of endocytosis is 

important for stem cell asymmetric cell division and deregulation of this process is 

prospectively linked to cancer initiation (59). Thus, we speculate this may be an intriguing 

mechanism and target in CK5+ breast cancer cells.

Loss of adherens junctions, particularly E-cadherin, is a signature marker of epithelial-

mesenchymal transition (EMT), a natural biological process that in cancer cells, leads to loss 

of intercellular adhesion and enhanced migration and invasion (60). EMT is classically 

associated with a transition from cytokeratin to vimentin intermediate filaments. In our 

studies, upon progestin treatment or estrogen withdrawal, ER+ cells transition from 

expression of simple (CKs 8, 18, 19) to stratified (CKs 5, 17) CKs (61), a state we 

previously referred to as luminobasal (5). Cells expressing stratified CKs (CK5, CK14) are 

reported to lead collective invasion of breast tumors and organoids (62). CK17 is the likely 

dimeric partner of CK5 in luminobasal cells that are void of CK14 and we demonstrate 

strong co-IP of CK17 with CK5 in EWD8 (Supplemental Figure 2D). Thus, cooperative 

scaffolding by CK5/CK17 dimers may facilitate cell junction remodeling, and CK17 has 

been implicated in cell signaling and oncogenesis (31, 63–65). Drugs such as retinoids that 

restrict expression of CK5, CK17 and other stratified CKs could be useful in luminobasal 

breast cancers (7, 66, 67).

In conclusion, our results suggest CK5 actively remodels ER+ breast cancer cells from a 

luminal to basal epithelial/CSC state, in part through recycling of membrane β-catenin to the 

cytoplasm and degradation of E-cadherin (Figure 7). Our data reinforce that CKs are an 

interesting group of molecules increasingly recognized as having cell regulator and signaling 

functions in addition to their central structural role as cell-stress protectors. CKs depend on 

protein-protein interactions for their function; thus, disruption of key interactions such as 

between CK5 and β-catenin or processes that facilitate cell remodeling such as endocytosis 

may be a unique way to target these molecules and their associated adverse cell behavior. 

Furthermore, this could be applicable to both ER+ disease and BLBC, which has a dire 

clinical course with limited targeted therapies.

MATERIALS AND METHODS

Cell culture and reagents

A table of breast cancer models used and their ER, PR, and CK5 status is included in 

Supplemental Figure 6. Breast cancer cell lines were obtained from the University of 

Colorado Cancer Center Tissue Culture core. T47D, ZR75–1, and MCF7 cells were 

maintained as previously described (7, 68). MDA-MB-468 cells were maintained in 

Dulbecco’s Modified Eagle Media supplemented with 10% fetal bovine serum. EWD8 cells 

were derived from T47D cells by serial passage through mice (5) in the absence of estrogen 

and are maintained in phenol red-free minimal Eagle’s medium, 5% charcoal stripped fetal 

bovine serum, 1x NEAA, 1 × 10−9 M insulin, 0.1 mg/mL sodium pyruvate and 2mM L-
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glutamine. Cell lines were authenticated by short tandem repeat analysis and routinely tested 

for mycoplasma using the MycoAlert mycoplasma detection kit (Lonza, Basel, Switzerland). 

Sigma Mission shRNAs targeting CK5 (shCK5–22 [TRCN0000425222], shCK5–88 

[TRCN0000426388]) and non-targeting clone (SHC0002) were previously described (7). 

Cells were transduced with shRNA virus and stable pools selected with puromycin. Wnt3a 

was purchased from R&D Systems (Minneapolis, MN, USA) and MG-132 from Sigma (St. 

Louis, MO, USA).

Generation of CK5 knockout and overexpression cell lines

For CRISPR-Cas9 targeting, sgRNA was designed to target the first 250 bp of KRT5 exon 1 

using crispr.mit.edu (no longer available). sgRNA sequences are as follows:

Forward: CACCGAGGATATCCATCAGCACTAG

Reverse: AAACCTAGTGCTGATGGATATCCTC

sgRNA was cloned into the pX458 plasmid which contains the cas9 sequence and a GFP 

reporter gene (48138, Addgene). The plasmid was transiently transfected into T47D cells 

using Lipofectamine 3000 (Invitrogen, Grand Island, NY, USA). FACS was used to single 

cell sort GFP positive cells into 96 well plates. Clones were grown and sequenced for KRT5 
knockout by Sanger sequencing. CRISPRcont cell lines are clones that underwent the 

transfection, sorting, and selection process but have an intact KRT5 gene by Sanger 

sequencing and immunoblot.

For generation of CK5 overexpressing cells, a 1783 bp fragment of the KRT5 cDNA 

sequence was PCR amplified from pBabe RFP1-KRT5 hygro plasmid (58493, Addgene) 

using the Phusion High Fidelity Polymerase (New England Biolabs, Ipswich, MA, USA) 

and ligated into the pCDH1 retroviral vector (System Biosciences, Palo Alto, CA, USA). 

Cells were transduced with virus containing the pCDH1-KRT5 or empty vector and stable 

pools selected with puromycin.

Tumorsphere and colony formation assays

Tumorsphere assays were as previously described (7). For colony formation assays, 400 

cells/well were seeded in 6 well plates in complete media, grown for 2 weeks, then fixed 

with 10% formalin and stained with Crystal Violet (Sigma Aldrich). Whole wells were 

imaged using a Cannon Power Shot camera and total colonies per plate counted.

Immunoblotting

All cell lysates for immunoblotting were harvested in RIPA buffer. Primary antibodies were 

as follows: CK5 (mouse NCL-L-CK5, Leica Biosystems, Buffalo Grove, IL, USA, 1:1500), 

α-tubulin (ST1568, Sigma, 1:1000), β-catenin (mouse 2698, or rabbit 9587, Cell Signaling 

Technologies, Danvers, MA, USA, 1:1000), E-cadherin (14472, Cell Signaling, 1:1000), 

Lamin B1 (12586, Cell Signaling, 1:1000), CK17 (NBP2–29421, Novus Biologicals, 

1:1000), or β-actin (A5441, Sigma, 1:1000). Secondary antibodies were IRDye800CW 

Goat-Anti-Mouse IgG (926–32210, Li-Cor Biosciences, Lincoln, NE, USA) and IRDye 

680LT Goat-Anti-Rabbit IgG (926–68021, Li-Cor Biosciences) both at 1:10,000. 
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Immunoblots were imaged and analyzed with the Odyssey Infrared Imaging System and 

Image Studio Lite (Li-Cor Biosciences).

Immunoprecipitation and IP-MS

For immunoprecipitation, 15 cm plates of cells or 100 mg of frozen tumor as described (68) 

were suspended in NP-40 lysis buffer (1% NP-40, 50 mM Tris-HCl pH 7.4, 150 mM NaCl, 

1 mM EDTA) supplemented with a protease/phosphatase inhibitor (Halt™ Protease 

Inhibitor Cocktail, ThermoFisher Scientific, Waltham, MA). Lysates (500–1000 μg) were 

precleared with magnetic protein G beads (10004D, Fisher Scientific, Hampton, NH, USA). 

5 ug of antibody to CK5 (905501, Biolegend, Dedham, MA), β-catenin (9587, Cell 

Signaling), or rabbit IgG isotype control (02–6102, ThermoFisher Scientific or sc-2027, 

Santa Cruz Biotechnology, Santa Cruz, CA, USA) was prebound and crosslinked to 

magnetic protein G beads with BS3. Precleared lysate was added to beads and incubated at 

4C with rotary agitation for 2 h. Beads were washed four times with wash buffer (PBS + 

0.05% Tween-20), then boiled in 1X SDS loading buffer for 10 min. Input, flow-through, 

and immunoprecipitation fractions were analyzed by immunoblot as above.

For IP-MS, protein input, amount of antibody, and all wash and incubation volumes were 

scaled up 5X. CHAPS buffer was used for cell lysis (0.3% CHAPS, 40mM HEPES pH 7.5, 

120 mM NaCl, 1 mM EDTA). On-bead peptide digestion was performed as described (69). 

Nano UHPLC-MS/MS was performed using the LTQ Orbitrap Velos Pro Mass Spectrometer 

(Thermo Scientific) to identify proteins using peptide fingerprints and relative MS2 

fragments. Data were analyzed using Mascot (Matrix Science) against a human database and 

a report generated with Scaffold (Proteome Software, Inc, Portland, OR, USA) using a 

protein threshold of 99%, minimum number of 2 peptides, and peptide threshold of 95% 

(70). Proteins with a spectral count difference ≥1 for CK5 versus IgG samples underwent 

further stratification steps.

Immunocytochemistry and immunohistochemistry

For ICC, 2–3 × 105 cells were seeded onto glass coverslips in 6-well plates. After 

treatments, cells were washed twice wish PBS and fixed with ice cold 70% Acetone/30% 

methanol for 10 min. Fixed cells were blocked with 10% normal goat serum (Vector Lab, 

Burlingame, CA, USA) in 0.05% TBS-T for 30 minutes followed by addition of primary 

antibodies (CK5, mouse NCL-L-CK5, Leica Biosystems; β-catenin, 9587, Cell Signaling 

Technologies, 1:200) for 2 h, secondary antibodies (A11029, A11037, Invitrogen, 1:200) for 

1 h, and counterstained with DAPI. Cells were imaged using the Olympus BX40 fluorescent 

microscope or Olympus FV1000 laser scanning confocal microscope. Individual cells were 

scored for membrane β-catenin coverage of 0–25% (low), 25–75% (medium), or 75–100% 

(high) in a blinded manner. IHC was performed as previously described (71) using the 

antibodies described above and imaged using the Olympus FV1000 laser scanning confocal 

microscope.

TOP FLASH reporter assay

5 × 103 cells were seeded into 96 well plates in sextuplicate and transiently co-transfected 

with 90 ng TOPFlash (12456, Addgene) and 10 ng SV40-Renilla plasmids using 
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Lipofectamine 3000 reagents (Invitrogen). All treatments were administered immediately. 

After 24 h, luciferase activity was measured with the Dual Luciferase Reporter Assay 

System (Promega).

Quantitative reverse transcription PCR

RNA was isolated using QIAzol lysis reagent (Qiagen, Venlo, Netherlands). cDNA synthesis 

was performed using the Verso cDNA Synthesis Kit (Thermo Scientific). Absolute Blue 

Sybr Green (Thermo Fisher) was used to perform qRT-PCR. mRNA expression was 

analyzed using the delta-delta CT method and normalizing to housekeeping gene gapdh. The 

following primers sequences were used:

Wnt1: Forward: AAAATCCGGGGATCCTGCAC; Reverse: 

AGCCTCGGTTGACGATCTTG

MAFB: Forward: GACGCAGCTCATTCAGCAG; Reverse: A 

CCGGAGTTGGCGAGTTTCT

GAPDH: Forward: GGTATCGTGGAAGGACTC; Reverse: GGATGATGTTCTGGAGAGC

Statistical methods

Data are represented as mean ± s.e.m. unless otherwise noted and analyzed by two-tailed 

Student’s t-test or one-way analysis of the variance followed by a Tukey post hoc test as 

noted. Prism 8.0 (Graphpad Software, La Jolla, CA, USA) was used for analyses when 

samples met variance and normality tests. P<0.05 were considered significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. CK5 is required for progestin induced and sufficient for de novo tumorsphere 
formation in ER+ breast cancer cells.
A. T47D CRISPRcont (#62) and CK5KO (#44, 56) cells were treated with vehicle (ethanol) 

or 10 nM R5020 for 48 h. Cell lysates were collected and analyzed by immunoblot for CK5 

expression with β-actin used as a loading control. Normalized CK5/β-actin levels are 

indicated as fold change of R5020 over vehicle within each cell line. Positive (+) control is 

lysate from the cell line MDA-MB-468. Positive control is normalized to vehicle treated 

CRISPRcont-62. Black bar indicates omitted lanes on the same gel. B. T47D CRISPRcont and 
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CK5KO cells stably expressing ZsGreen were seeded at 100 cells/well in Mammocult media 

with 1% methylcellulose, treated with vehicle or 10 nM R5020, and cultured for two weeks. 

Data were quantified using IncuCyte Zoom. Average tumorsphere size (um2) is indicated ± 

s.e.m. Vehicle vs. R5020 groups were compared by Student’s T-test. *P<0.05. C. T47D 

CRISPRcont or CK5KO cells were seeded at 400 cells per well into 6 well plates in complete 

media. Colonies were grown for two weeks, stained with Crystal violet, and counted. 

Average colonies/well ± s.e.m are shown. All groups were compared via ANOVA/Tukey. 

**P<0.01, ***P<0.001. D. T47D, MCF7, and ZR75–1 cells were transduced with lentivirus 

containing CK5 cDNA (CK5OE) or empty vector (EV). Cell lysates were collected and 

analyzed by immunoblot for CK5 expression using ⍺-tubulin as a loading control. 

Normalized CK5/β-actin levels are indicated as fold change over EV control within each cell 

line. E. T47D (left) and MCF7 (right) EV and CK5OE cells were analyzed for tumorsphere 

formation as described in 1B. Number of tumorspheres/well is indicated ± s.e.m. EV vs. 

CK5OE groups were compared by Student’s T-test. *P<0.05, **P<0.01. All experiments 

were repeated 3 times.
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Figure 2. CK5 interacts with β-catenin in luminal and basal breast cancer cells.
A. Immunoprecipitation for CK5 in the constitutive CK5+ T47D subline EWD8. 10% input, 

IP and flow-through (FT) fractions for CK5 vs IgG control antibodies were analyzed by 

immunoblot. B. IP-MS for CK5 was performed in EWD8 cells to identify prospective CK5 

interacting proteins. The experiment was performed independently twice. Venn diagram 

depicts the number of CK5 interacting proteins identified in each experiment with 281 

common proteins. C. Ingenuity Pathway Analysis was used to identify proteins classified as 

transcriptional regulators among the putative CK5 interacting proteins. Table shows protein 
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symbol, protein name, and fold change of CK5 to IgG spectral counts. D. Ingenuity Pathway 

Analysis was used to identify the top enriched signaling pathways in EWD8 compared to 

parental T47D cells (5). Red asterisks indicate Wnt/β-catenin signaling and related 

pathways. E. Co-IP was performed with β-catenin and IgG antibodies in EWD8 cells, or 

CK5 and IgG antibodies in UCD46 PDX lysates and MDA-MB-468 cells. Immunoblots of 

input (10%) and indicated IP fractions were probed with CK5 and β-catenin antibodies. 

Black bars indicate omitted lanes on the same gel. Full blots are available in Supplemental 

Figure 3. Co-IPs were repeated for each model 2–3 times. F. Co-IP was performed with 

CK5, β-catenin, and IgG antibodies in control (shCont) or MDA-MB-468 cells containing a 

CK5 shRNA construct (shCK5–22). Immunoblots of input (10%) and indicated IP fractions 

were probed with CK5 and β-catenin antibodies. Co-IP was repeated twice.
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Figure 3. CK5 enhances β-catenin transcriptional activity.
A. T47D cells were transfected with TOPFlash plasmid and treated with vehicle (EtOH), 

100 nM progesterone (P4), 10 nM R5020, or 50 mM LiCl (positive control for TOPFlash 

reporter activity) for 24 h. Relative luciferase units were measured and are indicated as fold 

change over vehicle ± s.e.m. Treatment groups were compared by ANOVA/Tukey. *P<0.05. 

B. ZR75–1 cells were transfected with TOPFlash plasmid and treated with vehicle (EtOH), 

10 nM 17β-estradiol (E2; to induce PR expression), E2 + 10 nM R5020, or 50 mM LiCl for 

24 h. TOPFlash activity was measured as described in 3A.**P<0.01, ***P<0.001. C. T47D 
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parental, CRISPRcont and CK5KO cell lines were transfected with TOPFlash plasmid and 

treated with vehicle, 10 nM R5020, or 50 mM LiCl for 24 h. TOPFlash activity was 

measured as described in 1A. Vehicle and R5020 groups within each cell line were 

compared using Student’s T-test. **P<0.01. D. T47D CRISPRcont-62 and CK5KO-44 cells 

were treated with vehicle or 10nM R5020 for 4h. mRNA expression of Wnt1 (top) and 

MAFB (bottom) were measured by qPCR. Experiment was repeated 5 times. Relative 

mRNA level is indicated as fold change normalized to vehicle treated CRISPRcont-62 ± 

s.e.m. Treatment groups were compared by ANOVA/Tukey *P<0.05. E. MDA-MB-468 cells 

with stable shRNA knockdown of CK5 (shCK5) were created using two different shRNAs. 

Knockdown efficiency was assessed by immunoblot compared to scrambled control 

(shCont). Relative change in CK5 levels was normalized to α-tubulin and compared to 

shCont. F. TOPFlash reporter assay was performed in shCont, shCK5–22 (left), and shCK5–

88 (right) MDA-MB-468 cells treated with 200 ng/mL Wnt3a or 50 mM LiCl or for 24 h. 

Fold change is normalized to vehicle in each group ± s.e.m. Within each shCK5 cell line all 

groups were compared by ANOVA/Tukey. *P<0.05, **P<0.01,***P<0.001. All TOPFlash 

experiments were repeated 3 times.
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Figure 4. CK5 promotes loss of β-catenin at the cell membrane.
A-E. Immunocytochemistry and confocal microscopy was performed for β-catenin (green), 

CK5 (red), and DAPI (blue). Representative fields are shown for T47D-EV and T47D-

CK5OE cells (A), ZR75–1-EV and ZR75–1-CK5OE cells (B), T47D and EWD8 cells (C), 
T47D cells treated with vehicle or 10 nM R5020 24 h (D), and MDA-MB-468 shCont and 

shCK5–22 cells (E). Scale bars, 20 μm. Accompanying graphs in A-E depict quantification 

of membrane β-catenin coverage for each cell line or treatment group. 42–212 cells from 

each group were analyzed for membrane β-catenin in a blinded manner. Cells were 
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quantified as low (0–25%), medium (26–50%) or high (76–100%) membrane β-catenin. In 

A and D, CK5+ cells (red arrows) and CK5− cells (green arrows) were quantified separately. 

A chi-square test was used to determine statistical significance.
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Figure 5. CK5+ cells lose E-cadherin.
A-B. Top: Immunocytochemistry and confocal microscopy was performed for E-cadherin 

(green), CK5 (red), and DAPI (blue) in T47D-EV and T47D-CK5OE cells (A), ZR75–1-EV 

and ZR75–1-CK5OE cells (B). Bottom: Membrane E-cadherin coverage was quantified for 

each comparison in a blinded manner as low (0–25%), medium (26–75%), or high (76–

100%). 59–170 cells from each group were analyzed and a chi-square test was used to 

determine statistical significance. C. Cell lysates were harvested from EV and CK5OE 

T47D, ZR75–1, and MCF7 cells and T47D parental (non-genetically modified) and EWD8 
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cells. Lysates were analyzed by immunoblot for CK5, E-cadherin, and β-catenin expression 

using β-actin as a loading control and quantified as fold change of CK5OE vs. EV or EWD8 

vs T47D. D. MDA-MB-468 shCont and shCK5–22 cells were treated with vehicle (DMSO) 

or 10 uM of the proteasome inhibitor MG132 for 4 h. Cell lysates were collected and 

analyzed by immunoblot for CK5, β-catenin, and E-cadherin expression using ⍺-tubulin as a 

loading control. Normalized protein levels are shown as fold change over vehicle. All 

immunoblots repeated 3 times.
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Figure 6. CK5+ cells in an ER+ patient-derived tumor model have altered adherens junctions.
A. Dual immunohistochemistry for CK5 (red, cytoplasmic) and ER (brown, nuclear) in PDX 

UCD15 was performed. Scale bar, 200 μM. B. Left: Dual fluorescent immunohistochemistry 

and confocal microscopy for CK5 (red) and either β-catenin (green, top) or E-cadherin 

(green, bottom) in UCD15. Individual and merged images are sown. Red arrows indicate 

CK5+ cells. 2–3 fields were acquired per tumor; representative images are shown. Right: 
Membrane β-catenin (59 cells, top) and E-cadherin (62 cells, bottom) coverage per cell were 

quantified as low (0–25%), medium (26–75%) or high (76–100%). C. Single-cell RNA-seq 
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data from UCD15 tumors was analyzed by UMAP which identified 7 transcriptomic 

clusters. KRT5 is concentrated in and a defining gene for cluster 5. D. Top 8 pathways 

identified by Ingenuity Pathway Analysis of all transcriptomic cluster 5 genes. Pathways 

involved in cell junction signaling and remodeling are marked with a red asterisk.
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Figure 7. Proposed model of CK5 remodeling of ER+ breast cancer cells.
In ER+CK5− cells the β-catenin pool is largely localized to the inner cell membrane where 

it is bound to E-cadherin. Upon CK5 expression (via progestins, estrogen withdrawal, or 

forced CK5 expression) β-catenin translocates from the cell membrane to the cytoplasm 

where it prospectively interacts with CK5 which protects it from proteasomal degradation. 

Upon Wnt stimuli (R5020, LiCl, or Wnt3a), the cytosolic pool of β-catenin is poised for 

nuclear translocation and activation of TCF/LEF target genes, including Wnt1, sustaining a 

CSC phenotype. E-cadherin protein is also destabilized and lost in transitioned CK5+ cells, 

potentially enhancing invasive potential.
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