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Abstract

Basal-like breast cancers (BLBC) are the most common triple-negative subtype (hormone receptor 

and HER2 negative) with poor short-term disease outcome and are commonly identified by 

expression of basal cytokeratins (CKs) 5 and 17. The goal of this study was to investigate 

whether CK5 and CK17 play a role in adverse behavior of BLBC cells. BLBC cell lines contain 

heterogeneous populations of cells expressing CK5, CK17 and the mesenchymal filament protein 

vimentin. Stable shRNA knockdown of either CK5 or CK17 compared to non-targeting control in 

BLBC cells was sufficient to promote an epithelial-mesenchymal transition (EMT) gene signature 

with loss of E-cadherin and an increase in vimentin expression. Relative to control cells, CK5 and 

CK17 knockdown cells acquired a more spindle-like morphology with increased cell scattering 

and were more invasive in vitro. However, CK5 or CK17 knockdown compared to control cells 

generated decreased lymph node and lung metastases in vivo. Loss of CK5 or CK17 moderately 

reduced the IC50 dose of doxorubicin in vitro and led to increased doxorubicin efficacy in 

vivo. Single-cell RNA-sequencing of BLBC patient-derived xenografts identified heterogeneous 

populations of CK5/CK17, vimentin, and dual basal CK/vimentin positive cells that fell on an 

EMT spectrum of epithelial, mesenchymal, and intermediate, respectively, while knockdown of 

CK5 transitioned cells towards a more mesenchymal score.
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Introduction

Triple negative breast cancers (TNBC) are a diverse group of tumors primarily defined by 

lack of estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth 

factor receptor 2 (HER2). TNBCs have relatively poor disease-free survival (DFS) and 
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overall survival (OS) within the first 5 years post diagnosis compared to ER+ and HER2+ 

subtypes (1). Basal-like breast cancers (BLBC) constitute around half of TNBC, and are 

typically identified by high expression of basal cytokeratins (CKs), primarily CK5, CK14, 

and CK17, and other markers of basal/myoepithelial cells such as p63 and epidermal growth 

factor receptor (EGFR) (2–4). BLBC are often associated with BRCA1 mutations and 

have worse short term DFS compared to non-basal TNBCs (5,6). Numerous studies have 

reported that immunohistochemical detection of basal CKs alone, particularly CK5/6, is 

an independent indicator of reduced metastasis free and OS (Reviewed in 7). The poor 

short-term prognosis of BLBC, relative to other subtypes, has been attributed to higher 

proliferation, lack of effective targeted therapies, higher mutational burden, and incomplete 

pathological response to anthracycline and taxane chemotherapies (8–10). Whether basal 

CKs actively contribute to the aggressive properties of BLBC cells has not been extensively 

studied.

CKs are the major intermediate filament proteins of epithelial cells that form a dynamic 

cytoskeleton that provides mechanical stability and protects the cell from stress (11). CK 

filaments are composed of one high molecular weight (i.e. CK1–8) and one low molecular 

weight (i.e. CK9–28) protein that assemble into heterodimers that then polymerize to form 

tetramers and are expressed in a tissue-specific manner (11). CKs are frequently used in 

the histopathological diagnosis of adenocarcinomas. All breast cancer subtypes express 

abundant simple or “luminal” CKs 8, 18, and usually 19. While the stratified or “basal” 

CKs 5, 14, and 17 are mostly restricted to BLBC, they are sporadically expressed in 

luminal and HER2+ breast cancers (12,13). The term “basal-like” is controversial as basal 

CKs, especially CK5, are found in sporadic luminal layer cells in normal breast tissue 

(14). CKs impact multiple cellular processes including growth, migration, adhesion, energy 

metabolism, inflammation, and immunity though protein-protein interactions (15). Basal 

CKs 5 and 17 have been reported to regulate cell size and proliferation in oral squamous 

carcinoma, and cervical, pancreatic and breast cancer through interaction with proteins 

such as p27KIP1 and 14-3-3σ (16–20). CK14 and CK5 are also associated with collective 

invasion of breast cancer cells (21–23). The mechanisms by which basal CKs mediate these 

activities in breast cancer cells and are not well defined.

CK expression is integrally tied to the process of epithelial-mesenchymal transition (EMT), 

where epithelial cells lose apical-basal polarity, weaken cell-cell adhesions, and shift 

to a spindle-like morphology, leading to increased motility and invasion (24). EMT is 

accompanied by loss of epithelial markers including CKs and E-cadherin and gain of 

mesenchymal markers such as N-cadherin, fibronectin, and the mesenchymal intermediate 

filament protein vimentin (24,25). These molecular changes are orchestrated by several 

EMT transcription factors (EMT-TFs) (25). In cancer, this process has long been proposed 

as a primary mechanism for tumor cells to invade the basement membrane during the initial 

step of metastasis (26). However, more recent studies have divulged that EMT alone is not 

sufficient for metastasis and requires cooperation between tumor cells in both epithelial and 

mesenchymal states (27,28). Hybrid breast cancer cells that co-express E-cadherin, basal 

CKs, and vimentin were found to possess the most metastatic and tumor initiating potential 

(27,29). Therefore, the partial retention of epithelial traits is emerging as essential for tumor 

progression.
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Our previous work identified that BLBC cells rely on CK5 to maintain E-cadherin 

expression and an epithelial morphology (19). In the present study, we sought to investigate 

how CK5 and its frequent dimeric partner CK17 impact the behavior of BLBC cells. 

Surprisingly, knockdown of either CK5 or CK17 was sufficient to transition cells to a 

predominantly mesenchymal phenotype characterized by loss of basal CKs and E-cadherin, 

and increased expression of vimentin and EMT-TFs, a change in cell morphology, and 

increased invasion in vitro. However, CK5 and CK17 knockdown increased sensitivity 

to anthracycline therapy and decreased the efficiency of metastatic colonization in vivo. 

Our findings highlight that CK5 and CK17 are important guardians of an aggressive 

basal epithelial phenotype and insinuates that their protein interactome could be a unique 

weakness of BLBC cells.

Materials and Methods

Cell culture and reagents

Breast cancer cell lines were obtained from the University of Colorado Cancer Center 

Cell Technologies Shared Resource. EWD8 and MDA-MB-468 cells were maintained as 

previously described (19). BT20 cells were maintained in DMEM/F12 1:1 medium with 

L-glutamine supplemented with 10% fetal bovine serum. The generation and propagation 

of breast cancer PDX-derived cell line UCD46 was previously described (30). Cells were 

maintained in Dulbecco’s Modified Eagle Media supplemented with 10% FBS, 100 ng/mL 

cholera toxin, and 10−9 M insulin. Cell lines were authenticated using short tandem 

repeat analysis and tested negative for mycoplasma using the MycoAlert mycoplasma 

detection kit (Lonza, Basel, Switzerland). Sigma Mission shRNAs targeting KRT5 
(shCK5-22 [TRCN0000425222], shCK5-88 [TRCN0000426388]), KRT17 (shCK17-73 

[TRCN0000082873], shCK17-77 [TRCN0000082877]), and non-targeting clone (SHC0002) 

were obtained from the University of Colorado Cancer Center Functional Genomics Shared 

Resource. Cells were transduced with virus containing the shRNAs and stable pools selected 

with puromycin as previously described (31).

Proliferation and invasion assays

Cell proliferation was measured with the IncuCyte S3 Live Cell Analysis System (Sartorius, 

Göttingen, Germany) using the Cell-by-Cell module essentially as described (30). A 

collagen-based spheroid invasion assay was used to measure invasion. 1000 cells were 

seeded into 96-well ultra-low attachment round bottom plates in 100 uL of culture media. 

The plate was centrifuged at 125 g for 10 min and returned to a 37C incubator for three days 

to allow spheroids to form. Rat tail collagen I (Corning, Corning, NY, USA) was diluted to 

1.5 mg/mL using 10X PBS, 1N NaOH, and water. 100 uL of the collagen I mix was gently 

added to each well and plates centrifuged at 300 g for 10 min to center spheroids in each 

well. The plate was returned to the incubator for 30 min to allow collagen to polymerize 

then 50 uL of media was added per well and spheroids incubated for 5 days. Spheroids 

were imaged using the 4X objective with a Nikon Eclipse Ti-S microscope (Nikon, Tokyo, 

Japan). The area measurement tool on the NIS-Elements AR Analysis software (Nikon) was 

used to measure the core spheroid area and the outer invasion area. The invasion area was 
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normalized to the spheroid area. Fold change in invasion area normalized to control cells 

was plotted. ANOVA with Tukey post-tests were used to determine statistical significance.

Chemotherapy treatment and IC50 values

MDA-MB-468 and BT20 shCont, shCK5-22, and shCK17-73 cells were plated at 5000 

cells/well in sexplicate in 96 well plates. Doxorubicin-HCl (15007) or Paclitaxel (10461, 

Cayman Chemical, Ann Arbor, MI, USA) were serially diluted and added at the indicated 

concentrations the following day. Wells were imaged using the IncuCyte S3 (Sartorius) 

using the 10X objective every 4 hours for 96 hours. Two images were acquired per 

well. Percent confluency was measured using IncuCyte S3 (Sartorius). GraphPad Prism 9 

(GraphPad, San Diego, CA, US) was used to determine IC50 after 72 h treatment by plotting 

drug concentration vs. fold change, Log10 transforming concentration, normalizing, and 

performing nonlinear regression. Experiment was independently performed 3–4 times and 

95% confidence intervals were calculated with GraphPad Prism 9 to determine statistical 

significance.

Cell morphology and scatter assays

Cells were plated at 2 × 105 cells/well in 6 well plates in complete media. After 24 h, 

5 fields/well were imaged using the 10X objective of a Nikon Ti-S microscope. ImageJ 

was used to measure aspect ratios by using the length tool to measure the length and the 

width of each cell. Aspect ratio was calculated by dividing the longer length by the shorter 

length. Aspect ratios were plotted, and statistical significance was determined using one-way 

ANOVA/Tukey. To measure cell scatter, single cells, loose clusters (2–10 cells), and tight 

clusters (>10 cells) were counted in each field according to published methods (32). The 

proportion of cluster type was plotted for each cell line. Chi-square tests were used to 

determine the statistical significance.

Immunoblotting

Immunoblots of whole cell lysates were essentially as previously described (19). Primary 

antibodies were as follows: CK5 (mouse NCL-L-CK5, Leica Biosystems, Buffalo Grove, 

IL, USA, 1:1500), E-cadherin (mouse, 14472, Cell Signaling Technologies, 1:1000), CK17 

(mouse, NBP2–29421, Novus Biologicals, Littleton, CO, 1:1000), CK8/18 (mouse, NCL-

L-5D3, Leica Biosystems, 1:2000), Vimentin (rabbit, 5741, Cell Signaling Technologies, 

1:1000), ZEB1 (rabbit, NBP1–05987, Novus Biologicals, 1:1000) or β-actin (mouse, 

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. Immunoblots were imaged and 

analyzed with the Odyssey Infrared Imaging System and Image Studio Lite (Li-Cor 

Biosciences).

Immunocytochemistry and immunohistochemistry

Immunocytochemistry (ICC) was essentially as described (19). Primary antibodies as 

noted above CK5 (1:100), CK17 (1:200); vimentin (1:200), or CK8/18 (1:2000) for 2 

h, secondary antibodies (A11029, A11037, A11008, A11032, Invitrogen, 1:200) for 1 h, 
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and counterstained with DAPI. Cells were imaged using the Olympus BX40 fluorescent 

microscope and channels merged in Adobe Photoshop 2021. Immunohistochemistry 

(IHC) was performed as previously described (33) using CK5 (rabbit, ab75869, Abcam, 

1:200), CK17 (rabbit, ab109725, Abcam, 1:100), vimentin (mouse, 5G3F10, Cell 

Signaling Technologies, 1:100), or pan-CK (mouse ab86734, 1:400, abcam, Waltham, MA) 

antibodies and either fluorescent secondary antibodies as described and imaged using an 

Olympus BX40 fluorescent microscope, or ImmPRESS Peroxidase detection kit (Vector 

Laboratories).

RNA-sequencing (RNA-seq), single-cell (sc) RNA-seq, and EMT scoring

For RNA-seq, MDA-MB-468 and BT20 cells with stable shCont or shCK5-22 were plated 

in 6 well plates at 2×105 cells/well. RNA isolation, library preparation, RNA-seq, and data 

analysis were essentially as previously described (30). Pathway analysis was performed 

using the GSEA platform.

For sc RNA-seq, derivation of breast cancer PDX was previously described (33,34). For 

this study, three PDX that are characterized as basal-like using the PAM50 qualifier 

(UCD46, UCD115, UCD18) were used (30,33). Clinical descriptions are as follows: UCD46 

(primary tumor, IDC multifocal, Grade 3, ER(0%)/PR(20%)/Her2(0%)), UCD115 (primary 

tumor, IDC, no grade information, ER−PR−HER2−), UCD18 (primary tumor, metaplastic 

carcinoma, Grade 3, no ER/PR/HER2 information). PDX grown in female NOD-scid 

IL2Rgammanull (NSG) mice were processed into single cell suspensions and enriched for 

human cells as previously described (35). Sc RNA seq was performed using the 10X 

Genomics system, libraries were aligned to the human (GRCh38) and unique molecular 

identifiers (UMIs) de‐duplicated using Cell Ranger 2.1.1. Data quality control, processing, 

and dimensionality reduction were as previously described (36).

For EMT scoring, the published Core EMT gene signature from Taube et al. was used (37). 

This signature contains 159 genes that are downregulated during EMT, which we designated 

as “epithelial” and 87 genes that are upregulated during EMT, which we designated as 

“mesenchymal”. The average expression of the epithelial genes and mesenchymal genes 

was extracted for each cell. The ratio of epithelial:mesenchymal gene expression (EMT) 

followed by log2(EMT) was calculated for each cell to generate the EMT score.

In vivo experiments

Animal experiments were performed under an approved University of Colorado Institutional 

Animal Care and Use Committee protocol. MDA-MB-468 shCont, shCK5-22, and 

shCK17-73 cells were labeled with GFP using eGFP-Lv151 Lentifect purified lentiviral 

particles (GeneCopoeia, Rockville, MD, USA) and cells stably expressing GFP selected 

with neomycin. Cells were harvested, diluted in Cultrex (Trevigen, Gaithersburg, MD, 

USA), and 1 × 106 cells were injected bilaterally into opposing fourth mammary fat pads of 

8-week-old female NSG mice. Five-six mice were used per group. Tumors were measured 

weekly and volumes estimated by the formula l(w2)/2. Mice were euthanized when the 

average tumor volume reached 500 mm3 (7 weeks for shCK17, 9 weeks for shCont, 10 

weeks for shCK5). A dissecting microscope and Illumatool (Lightools Research, Encinitas, 

McGinn et al. Page 5

Mol Cancer Res. Author manuscript; available in PMC 2023 March 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



CA) was used to visualize and photograph gross lymph node metastases. The number of 

lymph nodes containing GFP+ tumor cells between the #4 and #2 mammary fat pads was 

counted and plotted. Lungs were perfused with PBS prior to paraffin embedding. Gross lung 

metastases were photographed using an Olympus MVX10 Microscope. Two different lung 

sections (per animal per group) were stained by IHC with pan CK antibodies as described. 

Lung metastases were quantified using a trained algorithm for CKs with the Aperio eSlide 

manager software (Leica) and calculating the number or strong CK+ cells per μm2 of lung 

tissue.

For treatment experiments, MDA-MB-468 shCont or shCK5 cells were injected into female 

NGS mice as described and grown to an average volume of 450–500 mm3, then stratified 

into treatment groups of 8 mice each. Animals were treated with vehicle (PBS) or 5 mg/kg 

doxorubicin (in 100 μL PBS) by intraperitoneal injection once/week for two weeks. Tumors 

were harvested one week following dose number two and processed as described. One 

animal in each control group was removed from the study prior to endpoint.

Statistical Methods

Data are represented as mean ± SEM unless otherwise noted and analyzed by two-tailed 

Student’s t-test, one-way ANOVA followed by a Tukey or Dunnett’s post hoc tests as 

indicated, two-way ANOVA, or Chi-squared analyses as noted in each figure. Graphpad 

Prism 9 was used for analyses when samples met variance and normality tests. P<0.05 were 

considered significant.

Data Availability

The data generated in this study are publicly available in Gene Expression Omnibus (GEO) 

at GSE136260.

Results

BLBC are unique in their co-expression of epithelial and mesenchymal intermediate 
filament proteins

To initially assess the relationship between CK5 and CK17 and several EMT markers 

and hormone receptors, we determined correlation coefficients in 307 TNBCs from TCGA 

(38). Transcripts for CK5 and CK17 are positively associated with each other and CK14, 

modestly associated with mesenchymal markers vimentin and N-cadherin, and negatively 

associated with E-cadherin, ER, PR, and luminal CKs 8/18 (Fig. 1A). To refine these 

associations in BLBC we compared RNA-seq data from two hormone receptor positive 

breast cancer cell lines (T47D and ZR75–1) and two BLBC cell lines (MDA-MB-468 and 

BT20) (Fig. 1B). Each of the four cell lines had abundant transcripts for luminal CKs 8 

and 18 and E-cadherin, while transcripts for basal CKs 5, 14, and 17 and vimentin were 

only abundant in the two BLBC cell lines. Notably, CK5 and CK17 transcripts were more 

abundant than CK14 in BLBC. We next assessed protein expression of several of these genes 

by immunoblot in a panel of breast cancer cell lines that represent hormone receptor positive 

(MCF7, T47D, ZR75–1), an intermediate luminal-basal cell line derived from T47D cells 

by long-term estrogen withdrawal (EWD8) (39), BLBC (MDA-MB-468, BT20, and UCD46 
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(30)), and mesenchymal-like TNBC (SUM159) (Fig. 1C). Protein levels were normalized 

to β-actin by densitometry and individually plotted as arbitrary units (AU) times 100 (Fig. 

1D). ER+ cell lines have abundant CK8/18 and E-cadherin, lack CK5 and CK17 except 

for low CK17 expression in MCF7, and are absent for vimentin. The luminal-basal cell 

line EWD8 expresses CK5 and CK17 with lower CK18 and E-cadherin but lacks vimentin. 

BLBC UCD46, MDA-MB-468, and BT20 express CK5 and 17, lower E-cadherin and 

CK8/18 relative to ER+ cell lines, and vimentin, except for MDA-MB-468 cells where 

vimentin protein is not detectable by immunoblot. The mesenchymal cell line SUM159 

lacked expression of luminal and basal CKs and E-cadherin and expressed vimentin. These 

results confirm that BLBC are unique among breast cancer cell lines in containing dual 

expression of epithelial/mesenchymal markers including luminal and basal CKs, vimentin, 

and E-cadherin.

To determine the degree of co-expression of CK5, CK17, and vimentin in BLBC cells 

we performed dual ICC in four cell lines that are CK5/CK17+ (EWD8, MDA-MB-468, 

BT20, and UCD46). We observed significant co-expression of CK5 and CK17 within the 

same cells (60–87% of cells), with <5% of cells negative for both CKs in each of these 

cell lines (Supplementary Fig. S1). We next looked at co-expression of CK5 or CK17 

with vimentin by ICC (Fig. 1E). Pie charts indicate the proportion of cells positive for 

CK5 or CK17 only, VIM only, CK5/17 plus VIM, or none in the four cell lines (Fig. 

1F). Consistent with immunoblot data, no vimentin was detected in luminal-basal EWD8 

cells. UCD46, MDA-MB-468, and BT-20 BLBC cells showed various degrees of basal CK, 

vimentin, and dual basal CK/vimentin positive cells. MDA-MB-468 are predominantly basal 

CK+, with a moderate dual positive population and few vimentin only cells (consistent 

with immunoblots). Vimentin positive and dual basal CK/vimentin positive populations were 

more abundant in BT20 vs MDA-MB-468 and UCD46 cells. All cells were ubiquitous 

for luminal CK8/18 expression (Supplementary Fig. S2), suggesting basal CKs are more 

heterogeneous with vimentin expression and could be pivotal in determining cell phenotype 

and behavior.

Genetic knockdown of basal CKs enhances an EMT molecular signature in BLBC

In our previous study, we observed that shRNA knockdown of CK5 in MDA-MB-468 

cells led to complete loss of E-cadherin, partial loss of membrane β-catenin, and a more 

spindle-like morphology (19). To study this further, we generated additional stable CK5 

and CK17 knockdown BT20 and MDA-MB-468 cells using two independent shRNAs each 

(shCK5-22 & shCK5-88; shCK17-73 & shCK17-77) and a control construct (shCont). To 

assess global changes in gene expression, we performed RNA-seq on control (shCont) vs 

CK5 knockdown (shCK5-22) MDA-MB-468 and BT20 cells. Gene Set Enrichment Analysis 

(GSEA) identified several common pathways affected by loss of CK5 including an EMT 

gene signature (Fig. 2A). Additional overlap and pathways are shown in Fig. S3. Heatmaps 

of core EMT genes in shCont vs shCK5-22 cells illustrates a striking shift in EMT marker 

expression (Fig. 2B). Knockdown of CK5 produced a dramatic decrease in basal CK5, 14, 

and 17 as well as E-cadherin transcripts in both cell lines. Luminal CK8/18 transcripts 

were also reduced in MDA-MB-468 cells. The canonical mesenchymal marker vimentin 

was increased in both cell lines, while N-cadherin (CDH2) and fibronectin (FN1) increased 
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specifically in MDA-MB-468 cells. EMT-TF transcripts were also upregulated with CK5 

knockdown, most notably ZEB1 and ZEB2 in both cell lines. By immunoblot (Fig. 2C), 

CK5 knockdown led to decreased CK5 and CK17 expression and vice versa in both cell 

lines. shCK5-88 was less efficient at reducing CK5 and CK17 in MDA-MB-468 cells (Fig. 

2C). Vimentin levels increased substantially after CK5 or CK17 knockdown in both cell 

lines while E-cadherin levels decreased. The EMT-TF ZEB1 generally increased with CK5 

and CK17 knockdown, except for shCK17-73 BT20 cells. Thus, decrease of a single basal 

CK is sufficient to decrease the expression of epithelial and increase the expression of 

mesenchymal genes in BLBC cells.

Loss of basal CKs increases mesenchymal morphology and behavior in BLBC cells in 
vitro

Since CK5 and 17 knockdown altered expression of key EMT genes, we next investigated 

whether their inhibition conferred phenotypic changes associated with EMT. Brightfield 

microscopy of control vs CK5 or CK17 knockdown cells shows notable changes in 

cell morphology (Fig. 3A). MDA-MB-468 cells transitioned from a more rounded to 

a more spindle-like morphology with less cell aggregates. While BT20 cells have a 

more innate spindle cell appearance, loss of CK5 or CK17 still notably altered cell 

morphology with fewer aggregates. To quantify these observations, we first measured 

the aspect ratio (cell length/width) and found that compared to shCont cells, shCK5 and 

shCK17 MDA-MB-468 cells had significantly higher aspect ratios (Fig. S4), while the 

aspect ratio did not significantly differ in BT20 cells, possibly due to their more naturally 

elongated shape. Second, we quantified cell scatter according to a published method that 

is frequently used to evaluate intercell cohesion as a measure of EMT (32). The number 

of single cells and loose clusters increased while the number of tight clusters decreased 

in both cell lines with shCK5-22 and both shCK17 constructs (Fig. 3B). shCK5-88 cells 

with less efficient knockdown (Fig. 2C) were not significantly different. To test whether 

morphological changes with basal CK knockdown were associated with more mesenchymal 

behavior we assessed invasion using a collagen I matrix and spheroid-based invasion assay. 

Representative images of spheroids derived from control vs CK5 or CK17 knockdowns 

are shown in Fig. 3C. Loss of either CK5 or CK17 significantly increased invasion of 

MDA-MB-468 and BT20 cells compared to shCont cells (Fig. 3D). These data support long 

held observations that cells that undergo EMT are more invasive in vitro.

Knockdown of CK5 or CK17 decreases metastasis efficiency in vivo

To test the impact of knockdown of CK5 or CK17 on metastatic potential, we implanted 

GFP-labeled MDA-MB-468 shCont, shCK5-22, and shCK17-73 cells orthotopically and 

bilaterally into the fourth mammary fat pads of female NSG mice and measured tumor 

growth, and lymph node and lung metastasis. We controlled for tumor size by collecting 

tumors at the same average volume of 500 mm3 (Fig. 4A). While shCK5-22 tumors took 

1–2 weeks longer to achieve similar tumor volume vs shCont and shCK17-73 tumors, final 

tumor burden was not significantly different among the groups (Fig. 4B). We assessed lymph 

node metastasis by measuring the number of lymph nodes that were GFP+ between the #4 

and #2 mammary glands at necropsy (Fig. 4C). The number of positive lymph nodes was 

significantly higher in mice bearing shCont vs shCK5-22 or shCK17-73 tumors (Fig. 4D). 
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To assess spontaneous hematogenous metastasis, lungs were dissected, perfused, and imaged 

(Fig. 4E). Lungs from mice with shCont tumors had observably more and larger foci than 

mice bearing shCK5 and shCK17 tumors. Paraffin sections of lungs were stained by IHC 

for pan-CK and the number of strong CK+ cells/area quantified using digital analysis. Lungs 

from mice with shCont tumors yielded significantly more lung disseminated tumor cells 

compared to lungs from mice with shCK5 or shCK17 tumors (Fig. 4F). We repeated this 

experiment and harvested tumors at the same time point with similar results (Supplementary 

Fig. S5). Dual IHC for CK5/vimentin or CK17/vimentin on spontaneous lung metastases for 

each cohort reflect loss of basal CKs in knockdown lesions (Supplementary Fig. S6). These 

results support that BLBC shCont tumors with heterogeneous expression of CKs 5 and 17 

and vimentin are more efficient at spontaneous metastasis compared to isogenic cells that are 

predominantly vimentin positive through CK5 or CK17 knockdown.

Basal CK deficiency enhances doxorubicin therapy

Chemotherapy is the current standard of care for TNBC tumors, typically an anthracycline-

taxane sequence (40). CK17 has been associated with reduced sensitivity to chemotherapy 

in cervical cancer (16). To test how loss of CK5 and CK17 impact chemotherapeutic 

response in BLBC cells, we performed dose response curves for doxorubicin and paclitaxel 

in MDA-MB-468 and BT20 shCont, shCK5-22, and shCK17-73 cells. Basal growth rates 

were lower in shCK5 vs shCont cells in both cells lines (Fig. 5A). Representative dose 

response curves for doxorubicin are depicted in Fig. 5B. Knockdown of CK5 or CK17 

reduced the half-maximal inhibitory (IC50) dose of doxorubicin in half for each cell line 

(Fig. 5C); replicates are shown in Fig. S7. Knockdown of CK5 or CK17 did not significantly 

impact paclitaxel sensitivity (Supplementary Fig. S7).

To assess doxorubicin sensitivity in vivo, MDA-MB-468 shCont and shCK5-22 tumors were 

grown to an average volume of 450–500 mm3 then treated with vehicle or doxorubicin 

for two weeks (Fig. 5D). By tumor volume measurement, doxorubicin treatment decreased 

tumor volume in both shCont and shCK5-22 tumors. However, final tumor mass was only 

significantly reduced in shCK5 tumors (by >40%). Raw tumor growth curves and tumor 

mass, and IHC for CK5/vimentin in shCont and shCK5 vehicle and doxorubicin treated 

tumors are shown in Supplementary Fig. S8. These data support the BLBC cells that retain 

basal CKs are slightly less sensitive to doxorubicin treatment.

BLBC PDX contain heterogeneous populations of basal CK and vimentin positive cells 
that exist across an EMT spectrum

To investigate intermediate filament expression in solid tumor models of BLBC, we 

analyzed several of our PDX that classify as basal-like on the PAM50 classifier (UCD46, 

UCD115, and UCD18) (30,33). Dual IHC for CK5/CK17, CK5/vimentin or CK17/vimentin 

in each tumor uncovered a high degree of CK5/CK17 co-expression with populations of dual 

CK5/vimentin or CK17/vimentin varying between tumors from rare (UCD46) to common 

(UCD18) (Fig. 6A). Single-cell RNA-seq (sc RNA-seq) was performed on the three PDX. 

A binary epithelial or mesenchymal classification in addition to UMAP plots for the genes 

for CK5 (KRT5), CK17 (KRT17), and vimentin (VIM) are shown in Supplementary Fig. 

S9. We applied a published EMT gene signature consisting of 246 genes (37) to generate 
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an EMT score for individual cells expressing CK5 or CK17, vimentin, or all three markers 

(Fig. 6B). A positive, higher score indicates a more epithelial state and a negative, lower 

score indicates a more mesenchymal state. Not surprisingly, within each tumor model, 

CK5/CK17+ cells are the most epithelial, vimentin+ cells the most mesenchymal, and 

CK5/CK17/vimentin+ cells intermediate. There were also intertumoral differences in EMT 

scores. For example, all three populations in UCD46 were more epithelial vs the same 

groups in UCD115 and UCD18, underscoring general differentiation state differences 

between tumors. Application of the same EMT score to RNA-seq data from MDA-MB-468 

and BT20 shCont vs shCK5 cells confirm that CK5 knockdown induces a shift to a more 

mesenchymal state – this was more pronounced in MDA-MB-468 cells (Fig. 6C). These 

experiments confirm the innate epithelial-mesenchymal heterogeneity of BLBC cells and 

coupled with our genetic knockdown data, implicate that retention of basal CK expression in 

epithelial or intermediate populations is central to the rapid progression of this disease.

Discussion

This study provides evidence that basal CKs are important contributors to the pathology 

of BLBC. While typically utilized as biomarkers in molecular and immunophenotyping 

of breast and other cancers, emerging data support that specific CKs impart regulatory 

functions important for cancer cell pathobiology. The basal-like subclass of TNBC became 

more widely recognized with the application of molecular classifiers in the early 2000s (3). 

While these tumors have gene signatures reflective of basal/myoepithelial cells in the normal 

breast including regular expression of basal CKs, evidence suggests BLBC, particularly in 

women with BRCA1 germline mutations, originate from CK5+ luminal progenitor cells 

(41). The role of CKs beyond structural integrity in BLBC has remained an enigma. In the 

current study, we find that basal CKs 5 and 17 protect an epithelial state that is precariously 

plastic and subject to EMT upon loss of basal CK stoichiometry. BLBC cells with genetic 

loss of CKs are modestly more sensitive to doxorubicin therapy and are less efficient at 

metastatic colonization in vivo (Figs. 4 & 5), providing evidence that the basal epithelial 

state is important for tumor progression. Further analysis of basal CK function may discover 

unconventional vulnerabilities for this aggressive disease.

TNBC in general has suffered from lack of long-term effective targeted therapies that have 

transformed ER+ and HER2+ cancers into a long-term survivable disease for many patients. 

The poor short-term (5-year) prognosis of BLBC is due to multiple factors that include 

a high mitotic index and increased genomic instability due to frequent deficiency in p53 

and BRCA1. Although BLBC have relative (vs other subtypes) increased expression of 

several druggable targets including EGFR, c-kit, and MEK/ERK, numerous clinical trials 

testing drugs targeting these molecules failed to reach study endpoints. Currently, approved 

targeted therapies for TNBC include poly(ADP-ribose) polymerase (PARP) inhibitors (i.e. 

olaparib, talazoparib) for BRCA1/2 mutant tumors and immune checkpoint inhibitors 

targeting programmed death ligand 1 (i.e. pembrolizumab, atezolizumab) in early high risk 

and metastatic TNBC, and antibody-drug conjugates for refractory disease (i.e. sacituzumab) 

(42). These treatments provide improved DFS in a subset of patients but rarely provide 

long-term disease stabilization (42). Thus, there remains an unmet need to understand 

BLBC biology and novel disease targets. Our observations that loss of CK5 and CK17 

McGinn et al. Page 10

Mol Cancer Res. Author manuscript; available in PMC 2023 March 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



improves sensitivity to doxorubicin implicates that basal CKs provide some protection 

against cytotoxic drugs, although we did not observe the same trend with paclitaxel. This is 

presumably due to different mechanisms of action with doxorubicin targeting topisomerase 

II and DNA damage repair, critical for BLBC, while paclitaxel stabilizes microtubules. 

Interestingly, Escobar-Hoyos et al observed that CK17 knockdown was associated with 

improved response to cisplatin in cervical cancer cells (16). Their studies found that CK17 

can solubilize and enter the nucleus where it promotes cyclin-dependent kinase inhibitor 1B 

(p27kip) export and cell cycle progression (16). We previously reported that CK5 mobilizes 

β-catenin to the nucleus and is necessary for Wnt signaling activity in MDA-MB-468 cells 

(19). Collectively, these studies insinuate that basal CKs may provide some protection from 

cytotoxic stress, in part, by regulating the subcellular location of cell cycle inhibitory and 

pro-survival signaling molecules.

Our studies utilizing BLBC cell lines and PDX confirm that this subset of breast cancers, 

compared to others, is unique in its frequent co-expression of epithelial and mesenchymal 

intermediate filament proteins. Populations of basal CK+ only, vimentin+ only, and dual 

positive cells co-exist with intertumoral differences in the extent of heterogeneity (Figs. 

1 & 6). Interestingly, luminal CKs 8/18 were ubiquitous in BLBC cell lines and PDX, 

suggesting that the innate heterogeneity between basal CKs and vimentin is central to 

BLBC. Genetic knockdown of either CK5 or CK17 was sufficient to transition cells towards 

a more ubiquitous vimentin+ mesenchymal phenotype, accompanied by loss of E-cadherin, 

an EMT gene signature, a spindle-like morphology, and increased cell scatter (Figs. 2 & 

3). CKs essentially act as cytosolic scaffolding proteins that move or sequester molecules 

(as noted above) and can control cell adhesion, motility and signaling (11). Phospho-

modifications control CK filament assembly and key protein-protein interactions and 

influence cell plasticity and metastasis (43). While several key basal CK phosphoresidues 

have been mapped in skin blistering diseases (44), the key sites that regulate CK assembly 

and disassembly and protein-protein interactions in breast cancer are unknown. Kinases 

such as MAPK, ERK1, and p38 that are upregulated in BLBC cells are all predicted 

to phosphorylate CK5 at key head domain residues involved in filament assembly (44). 

Recently, Bollong et al discovered a small molecule inhibitor of vimentin phosphorylation 

that leads to its disassembly and blocks the growth of mesenchymal breast cancer cells (45). 

Identifying the key sites and kinases involved in basal CK phosphorylation critical for their 

function in BLBC is a first step towards discovering novel mechanisms for their disruption.

BLBC are prone to early relapse accompanied by distant organ metastasis predominantly 

to lung and central nervous system, leading to a high 5-year mortality rate vs other breast 

cancer subtypes and even non-basal TNBC (46). In our studies, while MDA-MB-468 tumors 

with shCont, shCK5 and shCK17 all formed spontaneous lung metastases, we found a 

significant reduction in metastatic tumor cells with CK5 and CK17 deficiency (Fig. 4). 

This is interesting as shCK5 and shCK17 vs shCont BLBC cells were relatively more 

invasive using standard in vitro matrix invasion assays (Fig. 3) which could be partially 

due to increased expression of matrix metalloprotein genes such as MMP14 observed 

by RNA-seq upon CK5 knockdown. Furthermore, the role of EMT in metastasis has 

undergone dogmatic changes; while it is recognized that EMT is an integral part of the 

metastatic process, it is not alone sufficient for overt metastatic colonization of distant 
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organs (27). Several studies found that a cell intrinsic “reversible EMT” was required 

for breast cancer metastases where overexpression of EMT-transcription factors TWIST1, 

SNAIL1, and Pfrrx1 promote dissemination, but their silencing and EMT reversion is 

required for metastatic outgrowth (47–49). Furthermore, circulating tumor cells (CTCs) with 

the highest metastatic colonization efficiency travel in clusters containing both epithelial 

and mesenchymal populations (36,50,51). Recent studies have found that cells intermediate 

on the EMT spectrum cells may have higher intrinsic metastatic potential. For example, 

Kroger et al found that cells with a hybrid epithelial-mesenchymal (E/M) phenotype that 

includes co-expression of CK5/8 and vimentin were the most tumorigenic and metastatic in 

vivo (29). Using genetic mouse models with conditional loss of E-cadherin, Padmanaban 

et al demonstrated that while loss of E-cadherin increased invasion, it decreased CTCs and 

metastatic outgrowth (52). Lawson et al. reported that early micrometastases in mice bearing 

TNBC PDX were enriched for a basal/stem-like gene signature including CK5 (53). Thus, 

robust metastasis involves the basal epithelial state – which could prospectively cooperate 

and synergize with co-existent mesenchymal cells or even involve collaboration between 

basal CKs and vimentin within the same cells.

In summary, this study highlights that basal CKs 5 and 17 have a unique role in regulating 

the plasticity and behavior of BLBC cells. Their tandem regulation in breast cancer cells, 

previously recognized in keratinocytes, is poorly understood. Furthermore, understanding 

the function of these molecules, their role in cell plasticity, their key protein-protein 

interactions and signaling mechanisms has potential for novel approaches to tackle the rapid 

and poor clinical course of BLBC. Furthermore, expression of basal CKs, cell plasticity, and 

invasion are influenced by the tumor microenvironment (23) - which could play a unique 

role in the progression of this disease. While several new targeted therapies have been 

approved for TNBCs; the disease lags behind other subtypes in sustainable therapies and 

BLBC in particular disproportionately affects younger women (<50) and African-American 

women (8). Investigating the intermediate filament networks that distinguish BLBC cells has 

potential to advance our understanding and treatment of this disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Implications:

This study supports that basal CKs 5 and 17 contribute to the adverse behavior of BLBC 

cells and could be an untapped source of therapeutic vulnerability for this aggressive 

disease.
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Figure 1. BLBC cell lines contain heterogeneous expression of basal CKs and vimentin.
A. Spearman correlation coefficients for KRT5 (red bars) and KRT17 (blue bars) for the 

indicated genes derived from mRNA expression data for The Cancer Genome Atlas (TCGA, 

cbioportal) for 307 TNBCs. B. Log2 normalized mRNA expression of the indicated 7 genes 

from RNA-seq data of two ER+ (T47D, ZR75–1) and two BLBC (MDA-MB-468, BT20) 

cell lines. C. Cell lysates were collected from the indicated 8 cell lines and analyzed by 

immunoblot for the indicated proteins. β-actin was used as a loading control. CK5 was 

run on a separate blot. D. Protein levels were normalized to β-actin by densitometry and 

individually plotted as arbitrary units (AU) times 100. E. Dual-fluorescent ICC for CK5 

(green) or CK17 (green) and vimentin (VIM, red), plus DAPI (blue) counterstain in luminal-

basal cell line EWD8 and BLBC cell lines UCD46, MDA-MB-468, and BT20. Scale bars, 

20 μm. F. Pie charts indicating the proportion of cells that are positive for CK5 (left) or 
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CK17 (right) only (green), VIM only (red), CK5/17 plus VIM (yellow), or none (gray) for 

the four cell lines. Number of cells counted is indicated.
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Figure 2. Knockdown of CK5 or 17 in BLBC cells produces an EMT molecular signature.
A. Gene set enrichment analysis of RNA-seq data from shCont and shCK5-22 MDA-

MB-468 (left) and BT20 (right) cells identified Hallmark EMT as a significantly enriched 

pathway in both cell lines. B. Heatmaps of select EMT genes were generated from triplicate 

RNA-seq samples of shCont and shCK5-22 in MDA-MB-468 (left) and BT20 (right) cells, 

normalized to each gene.

C. Cell lysates were collected from shCont and shCK5 (left) or shCK17 (right) BT20 and 

MDA-MB-468 cells (2 shRNA constructs each) and analyzed by immunoblot for CK5, 

CK17, vimentin (VIM), E-cadherin (E-cad), and ZEB1. β-actin was used as a loading 

control; E-cad and ZEB1 were run on a separate blot. Protein levels were normalized to 

β-actin and indicated as fold change over shCont. ND = not detected.
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Figure 3. Knockdown of CK5 or 17 increases mesenchymal morphology and behavior of BLBC 
cells.
A. Bright-field images of MDA-MB-468 (top) and BT20 (bottom) cells with stable shCont 

or two constructs of shCK5 and shCK17. Scale bars, 100 μm. B. Cell scatter was measured 

by counting the number of single cells, loose clusters (2–10 cells), and tight clusters (>10 

cells) in five bright-field images. The number of counted events ranged from 81–126 in 

MDA-MB-468 and 60–100 in BT20. The percent of cells in each category is graphed. Chi-

square tests of contingency tables comparing each shRNA construct to shCont are indicated. 

C. Invasion was measured using a spheroid invasion assay. Spheroids were generated from 

the indicated cell lines on a Collagen I matrix for five days. Representative images are 

shown. Scale bars, 500 μm. D. The spheroid core and invasion area were measured using 

NIS-Elements AR analysis software and plotted as invasion/spheroid area. Bars represent 

mean ± SEM. One-way ANOVA/Dunnett’s test compared to shCont was used to determine 

statistical significance. N=12–15/group. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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Figure 4. Loss of CK5 and CK17 reduces lymph node and lung metastasis.
A. Growth of GFP-labeled MDA-MB-468 shCont, shCK5-22, and shCK17-73 as xenografts 

in female NSG mice. Tumors were grown until each group reached an average volume 

of 500 mm3. Tumor volume over time is depicted. N=10 tumors/group. One-way ANOVA/

Tukey test of tumor volumes at the final timepoints is indicated. ns, not significant. B. 

Final tumor mass for each group. One-way ANOVA/Tukey test. C. Representative images 

of lymph node metastases at necropsy for each group. D. Number of positive lymph nodes 

(LN)/animal. One-way ANOVA/Tukey test is indicated. *P<0.05. E. Representative gross 

images of GFP+ lung metastases in each group (top), scale bars, 100 μm, and representative 

images of IHC for pan-CK in lung sections for each group (bottom), scale bars, 60 μm. F. 

Quantitation of lung metastases for each group. Two different sections of lung per animal 

were stained by IHC with pan-CK antibody and counted as number of strong CK+ cells/μm2 
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using a trained algorithm on the Aperio digital e-slide analyzer. One-way ANOVA/Tukey 

was used to determine significance.
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Figure 5. Loss of basal CKs increases chemosensitivity to doxorubicin.
A. Growth of shCont, sh-CK5-22, and shCK17-73 MDA-MB-468 (left) and BT20 (right) 

cells was measured over time using the IncuCyte. Significant differences are indicated for 

the final timepoint, two-way repeated measures ANOVA, N=6/group. B. The indicated cell 

lines were treated with varying concentrations of doxorubicin (Doxo) (B) in sextuplicate 

and growth monitored using the IncuCyte. Normalized transformed graphs are plotted 

for percent cell viability vs Log(conc) drug at 72 h. Error bars represent mean ± SEM. 

Experiments was repeated twice, representative graphs are shown. C. Table shows IC50 

values for doxorubicin in the indicated cell lines. 95% confidence intervals are shown in 

parentheses. D. MDA-MB-468 shCont and shCK5 tumors were grown until an average 

volume of 450–500 mm3, stratified into treatment groups of vehicle (Veh) or Doxo for 

two weeks. Mean changes in tumor volume from time zero (left) and percent change 

in final tumor mass normalizing the Doxo groups to their corresponding vehicle group 
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post-treatment (right) are plotted. T-tests at the final timepoint are indicated comparing Veh 

vs Doxo. N=14 for shCont tumors and N=16 for shCK5-22 tumors.
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Figure 6. CK5/17 denote more epithelial cells on the EMT spectrum in TNBC
A. Dual fluorescent IHC of paraffin sections of BLBC PDX UCD46, UCD115, and 

UCD18 for CK5 (red)/CK17(green), CK5(green)/vimentin(VIM, red) or CK17(green)/

vimentin(VIM, red) plus DAPI (blue) counterstain. Scale bars, 20 μm. B. sc RNA-seq 

of BLBC PDX was used to generate EMT scores based on a published 156 gene 

signature (37) in individual cells that were CK5/CK17+, CK5/CK17/vimentin(VIM)+, 

or vimentin(VIM)+. y-axes (positive, higher scores are more epithelial, negative, lower 

scores are more mesenchymal). Scatter plot plus means. One-way ANOVA/Kruskal-Wallis 

test was performed to assess statistical significance. *P<0.05, **P<0.01, ***P<0.001, 

****P<0.0001, NS=not significant. C. EMT scores were generated as in (B) for RNA-seq 

data from MDA-MB-468 and BT-20 cells, comparing each of the three replicates of shCont 
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and shCK5-22. Unpaired T-tests were used to determine statistical significance. ***P<0.001, 

****P<0.0001.
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