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Simple Summary: Targeting dysregulated cellular metabolism is a promising avenue to treat
metastatic disease. The aim of our study was to identify genes downstream of the hypoxia-inducible
factor (HIF)-1 transcription factor that are amenable to therapeutic intervention to treat metastatic
breast cancer (MBC). We identified creatine kinase, brain isoform (CKB) as an HIF-dependent gene
that strongly promotes invasion and metastasis in estrogen-receptor (ER)-negative breast cancer mod-
els. Deletion of Ckb also repressed glycolysis and mitochondrial respiration, leading to a reduction in
intracellular ATP. Either the deletion of Ckb or inhibition of creatine kinase (CK) activity using the
creatine analog cyclocreatine (cCr) repressed cell invasion, the formation of invadopodia and lung
metastasis. In addition, when paired with paclitaxel or doxorubicin, cCr enhanced growth inhibition
in an additive or synergistic manner. cCr may be an effective anti-metastatic agent in ER-negative,
HIF-1α-positive breast cancers, targeting both cellular metabolism and motility, particularly when
paired with conventional cytotoxic agents.

Abstract: The oxygen-responsive hypoxia inducible factor (HIF)-1 promotes several steps of the
metastatic cascade. A hypoxic gene signature is enriched in triple-negative breast cancers (TNBCs)
and is correlated with poor patient survival. Inhibiting the HIF transcription factors with small
molecules is challenging; therefore, we sought to identify genes downstream of HIF-1 that could
be targeted to block invasion and metastasis. Creatine kinase brain isoform (CKB) was identified
as a highly differentially expressed gene in a screen of HIF-1 wild type and knockout mammary
tumor cells derived from a transgenic model of metastatic breast cancer. CKB is a cytosolic enzyme
that reversibly catalyzes the phosphorylation of creatine, generating phosphocreatine (PCr) in the
forward reaction, and regenerating ATP in the reverse reaction. Creatine kinase activity is inhibited
by the creatine analog cyclocreatine (cCr). Loss- and gain-of-function genetic approaches were used
in combination with cCr therapy to define the contribution of CKB expression or creatine kinase
activity to cell proliferation, migration, invasion, and metastasis in ER-negative breast cancers. CKB
was necessary for cell invasion in vitro and strongly promoted tumor growth and lung metastasis
in vivo. Similarly, cyclocreatine therapy repressed cell migration, cell invasion, the formation of
invadopodia and lung metastasis. Moreover, in common TNBC cell line models, the addition of cCr
to conventional cytotoxic chemotherapy agents was either additive or synergistic to repress tumor
cell growth.
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1. Introduction

A major clinical challenge in breast cancer is the treatment of metastatic disease. The
overall survival of patients with metastatic breast cancer (MBC) remains dismal. Up to
30% of all patients will die within five years, and ~6% of patients are initially diagnosed
with stage IV disease [1]. Targeting dysregulated tumor cell metabolism is a promising
avenue to address drug resistance and to prolong the survival of patients [2,3]. Several
metabolic pathways that are altered in tumors, including glutamine metabolism, fatty acid
metabolism and aerobic glycolysis, are linked to therapeutic resistance [3].

The hypoxic response and the oxygen-responsive hypoxia inducible factor (HIF)
transcription factors play essential roles in mediating these pathways in tumors. HIF-1 and
HIF-2 regulate genes that fine-tune cellular metabolism and that control cell proliferation,
survival, or apoptosis [4,5]. HIF-1 is directly implicated in chemoresistance through the
regulation of metabolic input [5–7]. Hypoxia in general, and the HIFs, specifically, promote
breast cancer metastasis and therapeutic resistance [7–9]. Using a transgenic model of MBC
(MMTV-PyMT), we have shown that HIF-1α is essential for tumor growth and for the
metastatic lung colonization of cells originating from the mammary gland [9].

Targeting the HIFs with small molecules remains challenging. Several HIF inhibitors
have been described, but most do not discriminate between HIF-1 and HIF-2, and they indi-
rectly impact HIFα stability/activity [10]. Furthermore, the deletion of either HIFα subunit
is deleterious to normal development [11], suggesting potential toxicity. Finally, differential,
or even competing roles, for HIF-1α and HIF-2α in tumorigenesis are reported [12].

To address these obstacles, we screened for genes downstream of HIF-1 that were
differentially expressed after genetic knockout (KO) of HIF-1α to identify targets potentially
more amenable to therapeutic intervention. Genes implicated in cellular metabolism and/or
invasion, or for which chemical inhibitors had been previously identified, were prioritized
for biological validation. One gene meeting both criteria was creatine kinase, brain isoform
(CKB).

CKB is a member of a family of four creatine kinase (CK) enzymes that reversibly
transfer a high-energy phosphate group between ATP and creatine, generating phospho-
creatine and ADP [13]. Phosphocreatine is an essential local energy reservoir which highly
metabolic tissues exploit to rapidly re-generate ATP from ADP to maintain a high ratio of
ATP/ADP and to prevent local acidification near cellular ATPases [14,15]. These functions
are relevant to tumors, which rely on aerobic glycolysis to produce energy and exist in
an acidic microenvironment [6]. All four CK isoforms (two cytosolic, two mitochondrial)
and the creatine transporter (SLC6A8) are direct HIF-responsive genes [16]. Neither CKB
nor the mitochondrial isoform CKMT1 are essential for development because single or
compound knockout mice are viable [17]. CKB is over-expressed in several solid tumors
including breast, colorectal, and ovarian [18–20]. In proteomic screens of prostate, lung,
and HER2+ breast cancers, CKB was elevated [21–24].

Targeting creatine kinases is underdeveloped as an anticancer strategy targeting
cellular metabolism. In the 1990s, several creatine analogs, including cyclocreatine (1-
carboxymethyl-2-iminoimidazolidine, cCr), were shown to inhibit tumor growth with
tolerable side effects [15]. Cyclocreatine has the most similar substrate kinetics to creatine,
but unlike creatine, which is actively transported into cells by SLC6A8, cCr passively enters
cells. cCr therapy was reported to repress rat mammary adenocarcinoma growth [25];
however, the impact on metastasis was not tested. Cyclocreatine also inhibits tumor cell
motility in vitro [26]. In a colon cancer model, CKB was shown to mediate the metastatic
potential of cancer cells by acting as a secreted kinase to produce phosphocreatine, which
accumulated in the stroma and was then re-imported into tumor cells to promote CK-
dependent survival to facilitate liver colonization [27]. In pancreatic adenocarcinoma,
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CKB was identified as a mechanosensitive transcriptional target of Yes-associated protein
1 (YAP). Stiff substrates increased CKB levels and ATP production to promote collective
cell invasion and chemotaxis [28]. These pre-clinical studies build upon prior in vitro
observations which suggest that CKB localizes in a spatially restricted manner in migrating
cells to supply local ATP necessary for actin reorganization [29,30].

We tested whether the creatine phosphagen arm of metabolism may be a key player
downstream of the HIFs to promote breast cancer metastasis to the lung, a predominant
site of metastasis in women with triple-negative breast cancer (TNBC) [31]. Using in vitro
and in vivo approaches, including the genetic modification of CKB compared with cCr
treatment, we conclude that breast tumor-cell-intrinsic expression of CKB is required to
mediate cellular metabolism and to promote metastasis in ER-negative breast cancer models.
Moreover, the addition of cCr to conventional cytotoxic agents represses tumor growth in
an additive or synergistic manner.

2. Materials and Methods
2.1. Chemicals

Cyclocreatine (cCr) and doxorubicin (DOX) were purchased from either Sigma-Aldrich
(St. Louis, MO, USA, #377627, or #D1515; 98% purity) or Cayman Chemical Company
(cat# 20649, >95% purity, Ann Arbor, MI, USA), and paclitaxel (>99.5% purity; Taxol) was
purchased from LC Laboratories (cat.# P-9600, Woburn, MA, USA). For in vitro studies,
cCr stock was freshly diluted to 50 mM in complete growth medium immediately before
use. Paclitaxel and doxorubicin were prepared in DMSO as 20 mM and 5 mM stocks,
respectively, and stored at −20 ◦C; thawed stocks were serially diluted in DMSO to prepare
working stocks for in vitro assays. For use in vivo, cCr was dissolved to ~1.92 mg/mL into
sterile 0.9% saline using gentle heat, sterile-filtered, and at −20 ◦C. Prior to treatment, the
frozen aliquot was heated to ~50 ◦C, transferred to a sterile glass evacuated vial, and stored
protected from light in a thermos heated to 37 ◦C. cCr was immediately injected into mice
(IP) at a final dose of 1.0 g/kg/day.

2.2. PyMT Mammary Tumor Epithelial Cells (MTECs)

HIF-1 WT and KO MTECs were maintained as in [9]. All cells were cultured at
normoxia (ambient air) or exposed to hypoxia (0.5% O2) in a Sanyo multi-gas incubator
(acutely, ≤6 h, or chronically, 16–24 h).

2.3. RNA Extraction and Gene Expression Microarray Analysis

HIF-1 WT and KO PyMT cells were grown in DMEM/F12 medium (n = 6 wells/genotype)
supplemented with 2% FBS and 15 mM HEPES. At ~80% confluence, plates were left at
normoxia or transferred to hypoxia (0.5% O2) for 6 h, when HIF-1 transcriptional activity
peaked [9]. At harvest, individual wells were washed with cold PBS, scraped, and cells
were pelleted and flash-frozen. Total RNA was prepared from partially thawed cell pellets
using RNABee reagent (Tel-Test, Friendswood, TX, USA). RNA specimens were compared
for integrity using the Agilent bio-analyzer assay, and for each genotype/condition, 3 of the
6 samples with the highest RNA integrity number (RIN) value were selected for microarray
analysis. Independent replicate total RNA samples were hybridized to the MouseRef-
6v1.1 Expression BeadChip Kit (Illumina, San Diego, CA, USA) at the UTHSC Molecular
Resource Center of Excellence (MRC). Raw data were transformed to the log2-scale, and
normalized log-scale intensity values were analyzed for differential expression using
Expander. All genes with a mean fold differential ≥ 2.0 (p < 0.05) are included in gene lists
(Supplementary Tables S1–S3), and can be assessed in GEO (GSE183694). Supplementary
Tables S1–S3 include differentially expressed gene lists from the following comparisons,
respectively: Table S1: HIF-1 WT at normoxia vs. HIF-1 WT at hypoxia, Table S2: HIF-1 WT
vs. HIF-1 KO, at normoxia and Table S3: HIF-1 WT vs. HIF-1 KO, at hypoxia.
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2.4. Real-Time Quantitative PCR (qPCR)

Total RNA was converted to cDNA using the High-Capacity cDNA Reverse Tran-
scription Kit (Applied Biosystems, Waltham, MA, USA). qPCR was performed on the
Roche LC480 instrument using default cycling parameters. Crossing point (Cp) values
were normalized based on the expression of the integrator complex subunit 3 (Ints3) for
mouse genes, or cyclophilin A (PPIA) for human genes. To compensate for any changes
in epithelial content in total RNA extracted from whole tumors, because only the tumor
epithelium is deleted for Hif1a, Ints3-normalized Cp values were also normalized to Krt18
(K18). Primer and probe sets were designed by the Universal Probe Library (UPL) assay
design center; all primers are listed in Supplementary Table S4.

2.5. Immunofluorescence of Cultured Cells

Cells were cultured to sub-confluence in multi-well chamber slides (ibidi, Gräfelfing,
Germany). At harvest, cells were washed with cold PBS and fixed with 4% paraformalde-
hyde/PBS before permeabilization with 0.1% Triton-X, washing in PBS + Tween-20 (PBST),
and blocking with buffer containing both BSA and normal serum. Primary antibodies
to CKB, cortactin, or alpha-tubulin were incubated at 4 ◦C overnight in blocking buffer.
Cortactin and tubulin were detected with anti-IgG secondary antibodies for 1 h at RT (either
AlexaFlour-488, or -594, Life Technologies, Waltham, MA, USA). Tertiary amplification was
used to detect CKB; after primary antibody, cells were incubated with donkey anti-rabbit-
biotin-X-IgG secondary antibody (cat. #A16027, Life Technologies, Waltham, MA, USA,
1; 400), washed, and then incubated with Alexa-Fluor-594-conjugated streptavidin. Prior to
mounting, cells were counterstained with DAPI, washed, and then ibidi mounting medium
was added. A list of all antibody reagents is included in Supplementary Table S5. Slide
images were captured on a Nikon inverted ECLIPSE Ti2 microscope using NIS-Elements
software and the enhanced intensity projection module using compiled images from multi-
ple z-stacks.

2.6. Protein Extraction and Western Blotting

Whole cell extracts (WCEs) and high-salt-enriched WCE (HS-WCE) fractions were
prepared, and Western blotting was performed as in [9]. To detect HIF-1α, HS-WCE (5 µg)
was resolved on 3–8% Tris-Acetate gels. For CKB, WCEs (20–40 µg input) were resolved on
either 4–12% Tris-Bis or 10% Tris-Bis BOLT gels (Life Technologies) and transferred onto a
PVDF Fluorescent (PVDF-FL) membrane (Millipore, Burlington, MA, USA). To confirm
equivalent loading, membranes were immunostained with antibodies, as described in the
figure legends, or were stained prior to blotting with Ponceau S (Sigma, St. Louis, MO,
USA) and scanned. Ponceau S-stained membranes were de-stained prior to blocking with
either 5% non-fat dry milk (NFDM)/TBST for enhanced chemiluminescence (ECL) or with
Odyssey blocking buffer (LiCor Biosciences, Lincoln, NE, USA) for near-infrared (NIR)
detection. Membranes were probed with primary antibodies followed by extensive washing
and incubation with anti-rabbit whole IgG secondary antibodies conjugated to either HRP
(Jackson Immunologicals, West Grove, PA, USA) or to NIR fluorophores (LiCor Biosciences,
Lincoln, NE, USA). Antibody complexes were detected by ECL and membranes were
exposed to film, or membranes were directly imaged using the LiCor Odyssey or Azure
Sapphire NIR imaging systems. In some cases, membranes were stripped with ReBlot Plus
Mild (Millipore, Burlington, MA, USA), then re-blocked and incubated with antibodies
to β-tubulin or PARP. Alternatively, .tiff images of Ponceau-S-stained membranes were
analyzed by ImageStudio densitometry analysis (LiCor Biosystems, Lincoln, NE, USA) to
agnostically quantitate whole lane signals.

2.7. Creatine Kinase Enzymatic Activity Assay

Protein extracts were analyzed by a CK assay (cat.#: C712-39, Pointe Scientific, Can-
ton, MI, USA) and activity was normalized to total protein content.
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2.8. Patient Database Mining

Datasets were analyzed using The Cancer Genome Atlas (TCGA) database [32] and
Kaplan–Meier (KM) Plotter [33]. The level of CKB mRNA expression in breast tumor
subtypes was derived from the TCGA data portal (http://cancergenome.nih.gov/, accessed
on 4 October 2016). Level three normalized data derived from Illumina RNASeqv2 data
compared mRNA expression, and samples were stratified by tumor subtype based on the
PAM50 method. Plots with p-values ≤ 0.05 (ANOVA with Bonferroni correction) were
considered significant. For regression-free survival (RFS) analysis, KMPlotter data for
breast cancer patients were stratified by CKB (200884_at) mRNA levels (top tertile vs. lower
tertiles) or overall survival (OS) was stratified by CKB protein levels (P12277; using the
optimal threshold). KMPlotter was last accessed 13 December 2021.

2.9. Promoter Analysis and Chromatin Immunoprecipitation (ChIP) Assays

The mouse (Ckb) and human (CKB) proximal promoters (−2000 to +500 bp) were
scanned for putative functional hypoxic response elements (HREs) using the Transcription
Factor Matrix (TFM) Explorer algorithm and weight matrices available from JASPER and
TRANSFAC. PyMT HIF-1 WT and KO cells and MCF7 empty vector (pLKO.1-puro or
EV) or shHIF1A transduced cells described in [34] were cultured at normoxia or 0.5% O2
(hypoxia) for 6–24 h and fixed with 1% formaldehyde for 12 min. Positive controls included
a previously validated functional HRE in the Vegf promoter for PyMT cells [35] and a
previously validated functional HRE identified in the EPO promoter [36] for MCF-7 cells.
Primers were designed to putative independent HRE sites, as well as to non-HRE sequences
in the promoter regions (Supplementary Table S6). DNA was sheared to 500 bp and ChIP
was performed using antibodies against HIF-1α or anti-rabbit IgG control, and raw data
were analyzed as in [37].

2.10. Generation of PyMT Ckb Knockdown Cells

PyMT HIF-1 WT cells were used to create Ckb stable shRNA knockdown (KD) via
lentiviral transduction. First, a Ckb shRNA library containing 3 independent Ckb tar-
geting sequences individually cloned into the pLKO.1-puro vector was purchased from
Open Biosystems (clone IDs: TRCN0000024659, “sh59”, TRCN0000026460, “sh60” and
TRCN0000024661, “sh61”; shRNA targeting sequences are listed in Supplementary Table S7).
Cells (1 × 106) were transfected with each shRNA plasmid (4 µg) by nucleofection with
kit T and program setting 24 (Nucleofector, Lonza, Basel, Switzerland) to screen for dele-
tion efficiency. Two shRNAs (sh59 and sh61) were chosen to produce lentivirus particles
in addition to the pLKO.1-empty (empty vector, EV). All lentiviruses were produced by
Dr. Junming Yue of the UTHSC Viral Vector Core. HIF-1 WT cells were also transduced
with empty pLKO.1-puro vector (“empty vector”, EV). PyMT cells were transduced with
lentivirus particles (MOI = 50). Puromycin (2 µg/mL) was added 72 h later and a “pool” of
surviving clones (representing several hundred colonies) was established for each shRNA.
Stably transduced lines were maintained in growth media plus 1 µg/mL puromycin; antibi-
otic selection was removed from cells at least 4 days before biological assays or treatments
with cCr. Two constructs, sh59 and sh61, produced >70% knockdown, with sh61 showing
the highest efficiency of deletion (Supplementary Figure S2A,B).

2.11. PyMT Cell Proliferation Assay by WST-1

Cells were grown at normoxia or hypoxia in medium buffered with 15 mM HEPES.
The day before enumeration, 20,000 cells were plated into 96-well plates in normal growth
medium (n = 3 wells/genotype/oxygen tension/time point). The medium was changed
24 h post-plating, when the first cell harvest was collected (t = 0 h time point), but media
were not replenished for the duration of the experiment. Background absorbance was
subtracted, and raw data were normalized to the EV controls (% maximal proliferation vs.
EV). To generate a cCr dose–response curve, at 24 h post-seeding, growth media without
drug or with media containing increasing doses of cCr (from 2 mM to 50 mM) were replaced.

http://cancergenome.nih.gov/
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Cells were incubated for 96 h and then analyzed with the WST-1 assay (Chemicon, cat.#2210,
Burlington, MA, USA). Growth inhibition was measured as the change in absorbance over
time, normalized to the vehicle control for each cell line (set to 100%).

2.12. Wound Healing Assays

PyMT EV, HIF-1 KO, and Ckb KD cells were plated in 12-well plates in growth medium
(30,000 cells/well; n = 3 wells per genotype) and grown to 100% confluence. A scratch with
a 1 mL tip in a vertical and horizontal direction was applied to each well. Cells were washed
to remove the detached cells and fresh growth medium was added (t = 0 h). Images were
captured a 100×magnification at 0, 8, 24, 32, 48, 56 and 72 h, and analyzed for open wound
area/total area using ImageJ. Additional wound healing assays were performed using the
IncuCyte S3 live-cell imaging system. PyMT EV cells were pre-incubated for 24 h with
25 mM cCr in growth media supplemented with 2% FBS. Cells were plated into 96-well
format Image Lock microplates (Sartorius, Göttingen, Germany) at 40,000/cells/well (n = 8
technical replicates/condition), such that cells would be 100% confluent approximately
24 h later. The WoundMaker tool created a uniform 700–800 µM scratch/well, the wounds
were washed and growth medium containing either vehicle or 25 mM cCr was applied.
Wounded EV cells that were not pre-treated with cCr were exposed to vehicle or to cCr
(25 mM). Raw data were analyzed using the total wound area algorithm and exported into
Prism 9.0.

2.13. Human Breast Cancer Cell Lines, Mycoplasma Testing and Cell Line Authentication

All cells were obtained from the Fan laboratory at UTHSC via the American Type
Culture Collection (ATCC) and grown in base media (DMEM-Hi: MDA-MB-231 and MDA-
MB-453 cells, DMEM/F-12: MDA-MB-468 cells or RPMI: BT549 cells) supplemented with
10% FBS (cat.# FB-01, Omega Scientific, Tarzana, CA, USA). All cells were authenticated at
the University of Arizona Genetics Core. Cells were routinely screened for mycoplasma
using the Lonza MycoAlert kit.

2.14. Transient Ectopic Expression of CKB in MDA-MB-231 Cells

MDA-MB-231-NR (NucLight red) cells (generously provided by Sartorius; RRID:CVCL_DF48)
were transfected with FuGene HD reagent (Promega, Madison, WI, USA) with 3 µg of
either pCMV-6-Entry vector (OriGene, cat# PS100001, Rockville, MD, USA) or pCMV-6-
Entry expressing the CKB TrueORF (cat#RC203669); cells were selected with neomycin
(2 mg/mL).

2.15. Invasion Assays

PyMT EV, HIF-1 KO and Ckb KD cells were first gradually weaned from growth
medium supplemented with 2% FBS to 0.5% FBS, as in [9]. Cells were then cultured for 18 h
in serum-free DMEM/F-12 medium. The next day, 25,000 cells were plated onto control
inserts or Matrigel-coated transwell inserts (BD Biosciences, San Jose, CA) and attracted to
wells containing DMEM/F12 medium supplemented with 5% FBS (n = 3 wells/genotype).
The mean cell invasion index corrected for random migration was calculated at 48 h post-
seeding. To determine whether re-expression of CKB in HIF-1 KO PyMT cells would
rescue invasion, vector control or HIF-1, KO cells stably transfected to express mCKB were
gradually weaned to 0.5% FBS and then plated at a density of 40,000 cells into transwell
inserts (with and without coating with Matrigel) and attracted to 5% FBS for 48 h. MDA-MB-
231 transiently transfected cells (empty vector or +mCKB) were serum-starved overnight
before plating onto transwell inserts and then attracted to medium supplemented with 10%
FBS for 24 h. For studies comparing normoxia to hypoxia, changes in PyMT cell invasion
are expressed as the fold change relative to the invasion index observed for HIF-1 WT cells
cultured at normoxia (fold change = 1.0). Otherwise, all other data are expressed as the
percentage of invading cells (invading cells/total cells plated).
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2.16. Intracellular ATP Levels

Intracellular ATP levels were compared using the high-sensitivity ATP Biolumines-
cence Assay HS II kit (cat. #11699709001, Sigma, St. Louis, MO, USA). PyMT cells were
grown to 80% confluence prior to incubation at normoxia or hypoxia for 24 h (n = 3 per geno-
type/condition). Cells were harvested and lysed using the kit lysis reagent supplemented
with cOmplete EDTA-free tablets (cat. # 4693132001, Sigma, St. Louis, MO, USA). Luciferase
reagent was added 1 s prior to a 10 s integrated reading on a single-tube luminometer. A
blank (reagent only) reading was obtained and subtracted from all sample readings. An
ATP standard curve was generated to plot bioluminescence versus molarity on a log–log
scale and used to calculate intracellular ATP concentrations. DNA concentrations for
each individual sample were measured using a Qubit® fluorometer (Life Technologies,
Waltham, MA, USA), and ATP concentrations were normalized to total DNA.

2.17. Seahorse Bioanalyzer Assays

PyMT cells were seeded into Seahorse XFe-96 sensor plates (Agilent Technologies,
Santa Clara, CA, USA) to produce near-confluence within 18 h. The next day, the plate
was transferred to the Department of Pediatrics Bioenergetics Core for profiling on the
XFe96 Extracellular Flux Analyzer. Cells were switched to an XF base medium supple-
mented with L-glutamine (2 mM) for the XF Cell Glyco Stress test or with glucose (10 mM),
L-glutamine (2 mM), and sodium pyruvate (1 mM) for the XF Cell Mito Stress test. Cells
were equilibrated for 1 h prior to analysis of the extracellular acidification rate (ECAR) or
the oxygen consumption rate (OCR). After each run, the cell number was quantified using
CyQUANT dye (Thermo Scientific, Waltham, MA, USA). Metabolic rates were calculated
using the Seahorse XF report generator, and data were imported into Prism 9.0 for analysis.

2.18. Chemotaxis Assays

Chemotaxis assays were performed in the IncuCyte S3 imager, as recommended by
Sartorius; MDA-MB-231-NR cells transiently transfected (48 h) with empty vector (EV,
pCMV-6-Entry) or expressing mCKB (+mCKB) were seeded at a density of 1000 cells/per
well of a 96-well ClearView chemotaxis plate (cat. #4582, Sartorius) (n = 4–6 technical repli-
cates/cell line), which allows cell tracking in real time through optically clear membrane
inserts. Cells were exposed to a reservoir containing DMEM +10% FBS as the chemoattrac-
tant. The chemotaxis analysis software tool was used to quantify cell migration. Raw data
were normalized for initial plating density prior to export to Prism 9.0.

2.19. Cell Cycle Analysis

PyMT EV or sh61 KD cells were plated into 6-well dishes, and when sub-confluent,
they were treated with vehicle control or with 25 mM cCr for either 24 h (added 24 h prior
to experiment endpoint) or 48 h. Harvested cell pellets were washed twice with cold PBS
and re-suspended in 5 mL ice-cold 70% ethanol prior to storage at 4 ◦C. Prior to cytometry,
samples were washed with PBS and treated with RNaseI. Setting aside an unstained
sample as the gating control, propidium iodide [50 µg/mL] was added and incubated at
37 ◦C for 15 min prior to analysis on a BioRad ZE5 flow cytometer at the UTHSC Flow
Cytometry and Cell Sorting (FCCS) Core. Raw data were exported to ModFit for analysis
(n = 3 replicates/genotype/time point, and at least duplicate biological replicates per time
point).

2.20. PyMT Primary Tumor Generation

PyMT EV, HIF-1 KO, sh59 Ckb KD and sh61 Ckb KD MTECs were dissociated into
single cells, diluted 1:1 in growth factor reduced Matrigel (BD Biosciences, Franklin Lakes,
NJ, USA):HBSS, and injected into the cleared inguinal mammary fat pads of recipients
(50,000 cells/10 µL). Tumor volume was measured with digital calipers as in [9]. Primary
tumors of all genotypes were resected (at ~500 mm3) at similar volumes in a survival
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surgery under anesthesia, and mice were allowed to survive until moribund due to lung
metastasis.

2.21. Tissue Immunohistochemistry and Quantification

Harvested tumors were bisected with a razor and fixed for 8–24 h in 10% neutral-
buffered formalin (NBF), followed by paraffin embedding and sectioning. Antigen retrieval
was performed in 1× citrate buffer (pH 6.0) in a pressure cooker. Endogenous peroxidase
was blocked by 3% H2O2/MeOH for 20 min, followed by washing in water then PBS. All
slides were blocked in 10% normal serum/PBST at least 1 h at RT before incubation of the
primary antibody overnight in humid chambers at 4 ◦C. Slides were washed then stained
with the ABC Elite anti-rabbit kit (cat. # PK-6100, Vector Labs, Burlingame, CA, USA) and
developed using DAB Impact (cat. #SK-4105, Vector Labs) and counterstained in hema-
toxylin (cat.# H3401, Vector Labs). Whole slides were digitally scanned using a 3DHISTECH
PANORAMIC slide digitizer (3D Histech, Ltd. software, Budapest, Hungary). Staining
intensity was analyzed by pixel counts using built-in densitometry algorithms for nuclear
or cytoplasmic localization. Following masking to exclude necrosis, whole tumors were
analyzed after the general background was set using an adjacent tissue section developed
without primary antibody. Antibody reagents are listed in Supplementary Table S5.

2.22. Tail Vein Assays in PyMT Mice

PyMT EV, sh59 and sh61 Ckb KD cells (1× 106) were injected via the tail vein, mice were
sacrificed after 21 days, and lungs were inflated with formalin. Lung sections representing
every 100 µm were stained with H&E and metastasis was scored [9]. To test cCr efficacy,
PyMT EV cells were injected and allowed to seed the lungs for 24 h. The cCr dosing
regimen was based on [25]. Mice were treated with vehicle (0.9% saline, daily, IP) or cCr
(1 g/kg, daily, IP) beginning 1 day post-injection. In an additional cohort, treatment with
cCr was delayed until 7 days post-injection (after micro-metastases had formed), and then
on day 21 post-injection, all mice were euthanized.

2.23. Invadopodia Assays Using Human TNBC Cells

Glass coverslips were coated with OregonGreen-gelatin (cat. #G13186, ThermoFisher)
as in [38]. Cells (BT549, 12,000/well or MDA-MB-231, 15,000/well) were seeded onto
coverslips in growth media containing a reversible MMP inhibitor, batimistat (10 µM;
cat. # SML0041, Sigma, St. Louis, MO, USA) and incubated overnight. The next day,
the media were replaced with fresh growth media (vehicle) or cCr (25 mM) was added.
Subsequently, 12-well plates containing seeded coverslips were placed into the IncuCyte
S3 imager and simultaneously imaged for green fluorescence and phase contrast (n = 16 im-
ages/coverslip/time point). The green fluorescent area was normalized to seeding density
per image and graphed as a ratio of change over time in Prism 9.0. At the end of the imag-
ing, optimized per cell line, coverslips were fixed and immunostained prior to mounting
directly onto glass slides using ProLong Gold Antifade media (cat.# P36930, ThermoFisher,
Waltham, MA, USA). Coverslips were imaged on a Nikon ECLIPSE Ti2 microscope, as
described elsewhere.

2.24. Growth Inhibition during Chemotherapy Treatment

One day before measuring growth, cells were seeded into 96-well flat-bottomed
plates such that assay imaging would begin the next day at ~20% confluence (MDA-
MB-468: 8000 cells/well; MDA-MB-453: 12,000 cells/well; MDA-MB-231 or BT549 cells:
5000 cells/well). At t = −1 h, growth media from seeded cells were removed and each dilu-
tion of chemotherapy drug, or the vehicle control, was spiked into fresh media containing
either IncuCyte Nuclight Rapid Red reagent (cat.# 4717, Sartorius, Göttingen, Germany) or
Miami Green (cat.# EMI001, Kerafast, Boston, MA, USA) to enumerate cell nuclei. Plates
were imaged in the IncuCyte S3 instrument. The growth inhibition percentage was cal-
culated relative to vehicle controls, by the measurement of red or green fluorescent units
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localized to the nucleus after applying the IncuCyte masking algorithm to enumerate cell
count. Data were exported to Prism 9.0 and normalized to initial seeding density. Drug
synergism was calculated using the isobole method [39], wherein a combination index of
>1.0 indicated antagonism, an index of ~1.0 was additive and an index of <1.0 suggested
synergism.

2.25. Statistical Analysis

Unless otherwise stated, all data were entered into Prism 9.0 (Graph Pad, San Diego,
CA, USA) and analyzed using one-way or two-way ANOVA, followed by multiple pairwise
comparison tests (t-tests). If the standard deviation was not similar between two groups,
Welch’s correction was applied. Graphs show the mean ± SEM and significance was
determined with a 95% confidence level; p-values on all graphs are indicated by asterisks:
* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

3. Results
3.1. Ckb Is a HIF-1α Dependent Target in Breast Cancer

Tumor-cell-intrinsic HIF-1α is required for mammary tumor growth and lung metas-
tasis in a MMTV-PyMT mouse model [9]. To identify genes downstream of HIF-1 that
mediate metastasis and may be more amenable to therapeutic intervention, we performed
microarray profiling using HIF-1 WT and KO PyMT cells cultured at normoxia or 6 h of
hypoxia. Several hundred differentially expressed genes were identified for the following
comparisons: (1) HIF-1 WT normoxia vs. HIF-1 WT hypoxia; (2) HIF-1 WT normoxia vs.
HIF-1 KO normoxia; (3) HIF-1 WT hypoxia vs. HIF-1 KO hypoxia (refer to Supplementary
Tables S1–S3, respectively). Several genes down-regulated in HIF-1 KO cells, including
Egln3 (Phd3), aldolase C (Aldoc), and Pdk1, are known HIF-1α targets.

The enzyme creatine kinase brain isoform (CKB) was one of the top HIF-dependent
differentially expressed genes, at normoxia and hypoxia. Ckb was down-regulated in
normoxic HIF-1 KO cells by 13.4-fold (p = 0.0093) (Table S2). Following acute hypoxia expo-
sure, Ckb expression in HIF-1 WT cells was 16.42-fold higher than in KO cells (p = 0.0002)
(Table S3). However, Ckb was not differentially expressed in HIF-1 WT cells between nor-
moxic and hypoxic exposure (Table S1). Based on CKB’s well-described role in regulating
energy metabolism, and prior studies using creatine analogs to inhibit the creatine kinase
pathway, including cyclocreatine (cCr) [40], we sought to determine whether CKB plays a
key role in mediating breast cancer metastasis. Microarray profiling was performed using
HIF-1 WT and KO cells derived from the PyMT model, because 100% of mice will develop
lung metastasis on the FVB/Nj strain [41]. Likewise, primary tumors regenerated from
HIF-1 WT PyMT tumor cells develop lung metastasis with 100% penetrance [9].

To validate Ckb mRNA expression changes, independent sets of PyMT HIF-1 WT and
KO cells were exposed to normoxia or hypoxia and qPCR was performed. There were no
significant changes in Ckb mRNA levels in HIF-1 WT cells comparing normoxia (0 h of
hypoxia) with 6 h or 24 h of hypoxia exposure (Figure 1A). In contrast, the largest decrease
in Ckb mRNA levels in HIF-1 KO cells was observed at normoxia (0 h of hypoxia), with
a mean decrease of 7.44-fold among three replicate experiments. However, in response
to hypoxia, the difference in Ckb expression levels between HIF-1 WT normoxic and KO
hypoxic cells was smaller in magnitude, ~1.7-fold (6 h of hypoxia) or 2.0-fold (24 h of
hypoxia) (Figure 1A). It is possible that during hypoxia, HIF-2α is compensating for the
loss of HIF-1 function by up-regulating Ckb transcription, as has been observed in colon
cells [16]. We next investigated whether CKB is a direct HIF-1 transcriptional target in
PyMT cells and in MCF-7 cells, which are known to express CKB in an estrogen-responsive
manner [42]. Two hypoxia-response elements (HREs) were identified in the murine Ckb
or human CKB promoters (Supplementary Figure S1A). Chromatin immunoprecipitation
(ChIP) assays were performed using PyMT HIF-1 WT and KO cells or MCF-7 cells modified
to express only the pLKO.1-puro (empty vector, EV) or shRNA to HIF1A [43]. HIF-1α
was recruited to the -1326 and -1835 sites in PyMT WT cells (Supplementary Figure S1B),
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with enrichments in HRE site occupancy of 11.5-fold or 4.6-fold, respectively. There was a
1.8-fold enrichment of HIF-1α at the -258 HRE site in MCF-7 EV cells relative to shHIF1A
cells. However, no enrichment at the -935 site was observed (Supplementary Figure S1C).
Therefore, HIF-1 directly regulates CKB expression in breast cancer cells, as reported for
the colon [16]. Knockdown (KD) of HIF1A in MCF-7 cells significantly down-regulated
CKB mRNA levels (Supplementary Figure S1D).

CKB protein levels were also compared by Western blotting. Exposure of HIF-1 WT
PyMT cells to hypoxia for 24 h did not induce CKB protein above normoxic (0 h) levels
(Figure 1B); in fact, protein levels slightly decreased after 24 h of hypoxia. Immunofluores-
cence also confirmed reduced CKB expression in HIF-1 KO PyMT cells (Figure 1C). CKB
was localized to the cytoplasm in a perinuclear pattern, as well as to the nucleus. CKB
association with the nuclear matrix has been reported in colon cancer cells [44]. CKB levels
were then compared in PyMT HIF-1 WT and HIF-1 KO end-stage tumors [9]. A reduction
in Ckb mRNA, normalized for epithelial content using keratin 18 (Krt18), (Figure 1D), and
CKB protein in tumors was observed (Figure 1E). Notably, protein extracts were prepared
from whole tumors, containing proteins expressed by tumor epithelial cells and the stroma,
likely minimizing the total reduction in CKB because only the tumor epithelium lacks
HIF-1α.

3.2. CKB Levels Are Correlated with Shortened Regression-Free Survival

The Cancer Genome Atlas (TCGA) database was queried to compare normalized CKB
mRNA expression in breast cancer patients (Figure 1F). CKB is expressed in all subtypes,
with enrichment in patients with HER2+ breast cancer relative to basal-like or luminal A
subtypes. Comparing regression-free survival (RFS) using KMPlotter, high CKB mRNA
expression correlated with decreased RFS regardless of subtype (Figure 1F). In basal breast
cancers, this hazard ratio increased (Figure 1F). Although limited breast cancer cases were
available to query at the protein level, high levels of CKB were also significantly correlated
with reduced overall survival (OS) (Figure 1G).

3.3. Knockdown of Ckb Impairs Cell Invasion

To determine whether CKB impacts metastasis to impact overall survival, we gener-
ated Ckb loss-of-function models in PyMT cells using shRNA-mediated gene knockdown
(KD). Two independent shRNAs produced >70% gene KD (hereafter referred to as “sh59”
and “sh61”, Supplementary Figure S2A). Recombinant lentivirus particles produced for
each shRNA construct were used to transduce HIF-1 WT cells, resulting in >70% reduc-
tions in Ckb mRNA and CKB protein compared with either HIF-1 WT or empty vector
(HIF-1 WT+ EV) transduced cells (Figure 2A,B and Supplementary Figure S2A,B). Each
shRNA KD pool represents hundreds of colonies surviving selection. Through qPCR and
Western blotting, the sh61 Ckb KD pool exhibited the greatest reduction in mRNA and
protein (Figure 2A,B). Deletion of Ckb did not affect HIF-1α expression (Supplementary
Figure S2C).
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Figure 1. CKB expression in HIF-1 WT and KO PyMT cells and in end-stage tumors, and correlation
with prognosis in clinical datasets. (A) Scatter plot of the mean fold change ± SEM in Ckb mRNA
levels relative to HIF-1 WT cells at normoxia (0h of hypoxic exposure). Each data point represents the
mean of 3 technical replicates for an independent qPCR assay from a biological replicate experiment,
and the overall mean of three biological replicates is shown. (B) PyMT cells were grown to 80%
confluence and subjected to hypoxic culture for either 6 h or 24 h, or cells were continuously cultured
at normoxia, such that the 0 h sample was harvested on the same day as the 24 h hypoxic sample.
(A) Representative Western blot for CKB or β-tubulin (loading control) is shown. (C) Immunostaining
for CKB (red) in HIF-1 WT and KO cells, counterstained with DAPI. Images were captured at 630×
magnification (scale bar indicates 20 µm). (D) Ckb mRNA levels were compared in end-stage HIF-
1 WT and KO tumors by qPCR. Data are expressed as the overall mean fold change ± SEM between
WT and KO tumors; the KO sample was set to a fold change of 1.0 in each experiment. All data
were first normalized for epithelial content based on Krt18 (n = 3 tumors/genotype/experiment).
(E) Western blotting for CKB comparing four independent tumors per HIF genotype (each harvested
at similar volumes). The top half of the blot was blotted for CKB, and the lower portion was blotted
for β-tubulin. Blots were imaged on a LiCor Odyssey system and CKB expression was compared in
HIF-1 WT versus KO tumors after normalization to β-tubulin. The bar graph shows the normalized
CKB intensity ± SEM per genotype. (F) (Left) TCGA was queried for CKB mRNA expression levels
among breast cancer subtypes, as defined by PAM50. Log2-normalized CKB expression is plotted,
along with the 95% confidence interval and standard deviation. (Right) KM Plotter was used to
plot the probability of RFS when patients were stratified by low (lowest-to-middle tertile) or high
(upper tertile) expression of CKB mRNA levels (200884_at); plots are shown for either all breast cancer
cases, or for basal breast cancer cases only. (G) OS is lower when CKB protein levels (P12277) are
high (expression threshold optimized by KMPlotter). All images were directly exported from the
KMPlotter tool.
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sh61) relative to empty vector (WT +EV) cells as measured by qPCR. Cells expressing the sh61 
Figure 2. Effect of Ckb knockdown in PyMT cells upon cell growth and invasion. (A) The mean fold
change ± SEM in Ckb mRNA expression levels in HIF-1 KO cells and in shRNA KD pools (sh59 or
sh61) relative to empty vector (WT +EV) cells as measured by qPCR. Cells expressing the sh61 shRNA
showed the greatest reduction in Ckb mRNA levels. (B) PyMT cells were grown to 80% confluence
and subjected to normoxic or hypoxia culture for 6 h and immunoblotted for CKB or β-tubulin
(loading control). Changes in CKB protein are consistent with changes observed by qPCR, with
sh61 KD cells showing the greatest reduction in CKB expression. (C) CKact was measured in whole
cell extracts prepared from PyMT EV, sh59 or sh61 cells cultured at normoxia or hypoxia (6 h). Data
shown are representative of three biological replicate experiments. (D,E) Growth curves of PyMT EV,
sh59 or sh61 cells cultured at normoxia (D) or hypoxia (E) in growth medium supplemented with 2%
FBS. Cell proliferation was measured in replicate plates at each time point (24, 48, 72 or 96 h) using
the WST-1 assay. For both oxygen tensions, the overall mean of the percentage of proliferating cells
relative to EV cells at t = 0 h ± SEM is presented, calculated as the average of mean cell number for
mboxemphn = 3 technical replicates/time point/genotype as observed over three biological replicate
experiments. All data were analyzed by two-way ANOVA; N.S. = not significant. (F) PyMT EV,
HIF-1 KO, sh59 KD, and sh61 KD cells were seeded into 6-well dishes such that they would be
100% confluent the next day. Following wounding, the percentage of open wound area in each field
of view was measured and expressed as a ratio per the total area of the field of view. Data were
analyzed by two-way ANOVA with a Bonferroni correction post-test. Data are representative of three
biological replicate experiments. (G) The overall mean fold change in the invasion index after data
were normalized to EV cells cultured at normoxia (fold change set to 1.0; n = 3 three independent
biological replicate experiments). Data were analyzed by ANOVA with a Bonferroni post-test.



Cancers 2022, 14, 27 13 of 28

To determine whether the loss of CKB, only one isoform of the four creatine kinases
in the cell, impacted total creatine kinase (CK) enzymatic activity, CK activity (CKact)
levels were compared in extracts from PyMT EV and Ckb KD cells. Measuring CKact is
also important to predict sensitivity to cyclocreatine (cCr). Cells with very low CKact

(0.01–0.05 U/mg protein) are resistant or refractory to cCr, whereas cells with high CK
activity are cCr-responsive (>0.10 U/mg protein) [45,46]. Independent of oxygen tension,
loss of CKB reduced CKact by approximately threefold in sh59 (data not shown) and in
sh61 KD cells (Figure 2C).

Cell proliferation was compared in either normoxia or hypoxia conditions. At nor-
moxia, there was a slight decrease in growth rate in sh61 KD cells, beginning at 48 h
(Figure 2D). However, at hypoxia, cell proliferation was only significantly decreased in
sh61 KD cells at 24 h (Figure 2E). There were no significant changes in proliferation ob-
served between EV and sh59 KD cells. Overall, the deletion of Ckb had minor effects on
PyMT cell proliferation, similar to observations for PyMT HIF-1 KO cells [9].

We next compared breast cancer cell motility using the wound healing assay. There
was no significant difference in wound closure between PyMT EV control cells and either
sh59 or sh61 KD cells; as expected, HIF-1 KO cells migrated significantly slower (Figure 2F).
In contrast, invasion potential was significantly inhibited by Ckb KD at normoxia. Inhibition
was more pronounced during hypoxia, with a >10–20-fold reduction in invasion for shRNA
KD cells relative to EV cells (Figure 2G).

3.4. Loss of CKB Represses Glycolysis and Oxidative Phosphorylation

PyMT Ckb KD cells produced significantly less intracellular ATP than EV cells (Figure 3A).
Metabolic activity was further characterized by Seahorse bioanalyzer assays. The extra-
cellular acidification rate (ECAR), a measure of glycolytic activity, was reduced in either
sh59 or sh61 KD cells (Figure 3B–D). At the peak ECAR, glycolysis was repressed for each
Ckb KD pool (Figure 3C), but only sh61 KD cells exhibited a reduction in glycolytic capacity
(Figure 3D). Non-glycolytic acidification was also reduced in each KD pool (Figure 3E).
These results are consistent with data from ovarian cancer cells; CKB is required for glycol-
ysis [20]. In contrast, only the sh61 KD pool exhibited deficits in the oxygen consumption
rate (OCR) (Figure 3F–H). Basal respiration levels and maximum respiration were reduced
in the sh61 KD pool (Figure 3G,H), although there was a non-significant trend in reduction
for sh59 cells. ATP levels were significantly reduced in both shRNA KD pools (Figure 3I).

Mouse CKB (mCKB) was stably transfected into HIF-1 KO PyMT cells to determine
whether the re-expression of CKB would rescue invasion. The percentage of cells invading
through ECM increased when CKB was re-expressed (Figure 4A). CKB was also ectopically
expressed in a highly invasive TNBC model, MDA-MB-231 cells, which do not express de-
tectable levels of CKB protein by immunostaining (data not shown) or by immunoblotting.
After transient transfection, the percentage of invading cells increased almost threefold
(Figure 4B), with similar results when mCKB was stably expressed (data not shown). Next,
MDA-MB-231-NucLight Red (NR) cells, in which nuclei are labeled with a dye to allow for
real-time imaging during chemotaxis, were transiently transfected with vector or +mCKB.
Cells were exposed to reduced serum overnight (2% FBS) and then seeded into ClearView
plates and attracted towards 10% FBS. Over-expression of mCKB in MDA-MB-231-NR cells
dramatically increased chemotactic potential (Figure 4C).
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Figure 3. Ckb knockdown in PyMT cells reduces ATP levels and impairs both glycolysis and mi-
tochondrial respiration. (A) PyMT EV, sh59 and sh61 cells were plated in triplicate and grown to
80% confluence prior to normoxic or hypoxic culture (24 h). Cells were harvested, washed with
ice-cold PBS, and immediately lysed on the plate for comparison of the intracellular ATP levels by a
bioluminescent assay, and data were normalized to total DNA content. The mean ATP concentration
(mM) per ng of DNA ± SEM is shown (n = 3 technical replicates per cell line/oxygen tension). The
data shown are representative of three independent biological replicates. (B–I) PyMT EV, sh59 Ckb
KD, and sh61 Ckb KD cells were profiled for metabolic activity using Seahorse bioanalyzer assays
(Glycolysis Stress or Mito Stress test kits) to measure changes in parameters associated with either
ECAR, panels (B–E), or with mitochondrial respiration (OCR, panels (F–I)). The black arrows (B,F) in-
dicate when injections occurred during the assays. Changes were observed in ECAR plotted over
time (B), peak glycolysis (C), glycolytic capacity (D), non-glycolytic acidification (E), OCR over time
(F), basal respiration (G), maximum respiration (H), and ATP-linked respiration (I) in sh61 Ckb KD
cells. For some of the measured outputs, there were also significant changes observed in sh59 Ckb KD
cells. Panels (B,F) are representative of three independent experiments. For panels (C–E,G–I), the bar
graphs represent the overall mean of three independent experiment means across n = 6 technical well
replicates/genotype/experiment. Each genotype of cells was randomly plated in different patterns
during each independent experiment to minimize any potential effects of plate well location on
measurements.
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3.5. Ectopic CKB Expression Promotes, but Cyclocreatine Treatment Represses, Cell Migration and
Invasion
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Figure 4. Ectopic expression of CKB in HIF-1 KO PyMT cells or in human MDA-MB-231 TNBC
cells enhances cell invasion, but cCr treatment represses wound healing, invasion, and cell cycle
progression. (A) The percentage of invading cells was compared between PyMT HIF-1 KO + vector
control (+vec) and PyMT HIF-1 KO + mCKB (+CKB) cells over three biological experiments; the
overall mean ± SEM is shown. The insert shows CKB expression by Western blotting relative to total
PARP (loading control). (B) The percentage of invading cells in MDA-MB-231 TNBC cells transfected
with vector alone (+vector) or with mCKB (+mCKB); cells were plated for invasion assays 72 h
post-transfection, when CKB levels were maximally expressed (Western blot insert, β-tubulin as a
loading control). (C) Chemotaxis assays were performed in transiently transfected MDA-MB-231-NR
cells using IncuCyte ClearView plates. The mean percentage of migrated cells/total cells seeded was
compared between genotypes over time during chemoattraction to 10% FBS. Data are representative
of two independent experiments. (D) Cells were exposed to increasing doses of cCr, as described
in the Materials and Methods and imaged for 96 h. Percentage growth inhibition was set relative
to vehicle control and then plotted vs. log of the molar concentration and fitted with a nonlinear
regression curve analysis. The graph is representative of at least 3 independent biological replicates.
(E) PyMT EV cells were plated onto ImageLock plates. Then, cells were either pre-treated with cCr
prior to wounding and cCr added post-wounding; cells were pre-treated with cCr prior to wounding,
but cCr removed post-wounding; or fresh media with cCr was added only after wounding. Data
are representative of at least two biological replicates. (F) PyMT EV cells were seeded in an invasion
assay in which cells in the upper chamber were exposed to either vehicle or to 25 mM cCr and then
cultured for 48 h. (G) PyMT EV or sh61 cells were treated with 25 mM cCr for either 24 h or 48 h, and
cell cycle analysis was performed by PI staining to assess changes in cell cycle progression. The mean
± SEM is shown for each phase of the cell cycle (n = 3 technical replicates/genotype/time point).
Data are representative of three independent experiments.
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To test whether treatment with cyclocreatine (cCr) would mimic a loss of CKB function,
EV and sh61 Ckb KD PyMT cells were treated with increasing concentrations of cCr for
96 h and growth inhibition was evaluated. We had expected to observe that cCr sensitivity
would be reduced in Ckb KD cells; however, the dose response curves were overlapping.
The IC50 values in EV and sh61 cells at 96 h were 13.73 ± 4.33 mM and 16.43 ± 2.98 mM,
respectively (Table 1). Then, 15 mM and 25 mM cCr doses were used in short-term biological
assays (24–48 h duration); thus, we confirmed that these doses do not induce extensive cell
death in EV or HIF-1 KO cells compared with vehicle treatment, although the basal level of
cell death is higher in HIF-1 KO cells (Supplementary Figure S3A,B).

Table 1. Cyclocreatine (cCr) IC50 values in PyMT ER-negative cells. IC50 values ± SEM were
determined at 96 h, as described in the Materials and Methods section. IC50 values for independent
experiments were calculated using non-linear regression and variable slope fit in Prism 9.0. Results
from independent experiments were averaged to report the mean (n = 6, WT; n = 6, HIF-1 KO; n = 4,
EV; n = 6, sh61).

HIF-1 WT HIF-1 KO EV sh61 CKB KD

16.76 mM ± 4.47 15.44 mM ± 3.95 13.73 mM ± 4.33 16.43 mM ± 2.98

We tested cCr for anti-metastatic activity in a high-throughput wound assay. Either
pre-treatment of PyMT EV cells with cCr prior to seeding, or adding cCr only after the
scratch was applied, inhibited wound healing (Figure 4E). The most potent repression
occurred when cells were pre-treated with cCr 24 h prior to wounding and then cCr was
re-added during healing. However, cCr pre-treatment before wounding without adding
cCr post-scratch also significantly delayed wound healing (Figure 4E). Exposure of EV
cells to cCr also represses invasion through Matrigel (Figure 4F). Overall, small molecule
inhibition of the CK pathway via cCr mimics the loss of CKB function.

The chemotherapeutic potential of cCr is also related to its ability to block cell cycle
progression. Short-term treatment with cCr has reversible effects on the cell cycle, whereas
long-term treatment leads to cell death [47]. EV cells treated with cCr accumulated in the
G1 phase after 24 h, with a corresponding reduction in the percentage of cells in the S-phase;
these results were exacerbated at 48 h (Figure 4G). In contrast, sh61 KD cells In contrasted
smaller increases in the G1 phase or decreases in the S-phase, and the differences between
24 h and 48 h of cCr treatment were negligible (Figure 4G).

3.6. Loss of Ckb Suppresses Tumor Growth and Inhibits Lung Metastases

We compared the growth of mammary tumors regenerated from the orthotopic im-
plantation of PyMT EV, HIF-1 KO, sh59 KD and sh61 KD cells. In contrast to in vitro cell
proliferation results, the tumor growth rate was suppressed, and tumor size was highly
similar between HIF-1 KO tumors and each Ckb shRNA pool (Figure 5A). There was no sig-
nificant difference in tumor volume between each shRNA pool. At day 34 post-transplant,
the mean tumor volume of EV cells was ≥1000 mm3, whereas all other genotypes had
reached a maximum volume of ~200 mm3. Decreases in tumor wet weight were simi-
larly observed (Figure 5B). To investigate whether the loss of Ckb in the tumor epithelium
impacted overall survival, in an independent experiment, all tumors were grown until
surgical resection at a similar volume, and animals were housed until moribund due to
lung metastases. Animals previously bearing CKB + EV tumors became moribund >3×
faster than recipients of shRNA KD cells (HR = 3.681, Figure 5C). Tumor sections were
then immunostained with antibodies to either Ki67, activated caspase-3 or CD31, and areas
positive for these markers were quantified. Likely because PyMT EV tumors are highly
necrotic, the percentage of positive areas for Ki67+ cells was higher in all of the smaller
tumors (HIF-1 KO, sh59 and sh61; Figure 5D). As expected, CD31 levels were decreased in
HIF-1 KO tumors relative to EV tumors, whereas a reduction in CD31 was only significant
for sh61 KD tumors (Figure 5E). Approximately 9.8% of EV tumor area was apoptotic. In
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contrast, very low levels of apoptosis were observed for HIF-1 KO tumors (0.77%), and
apoptosis was lower in shRNA KD tumors compared with EV tumors (Figure 5F).Cancers 2022, 14, x FOR PEER REVIEW 19 of 31 
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Figure 5. Tumor-cell-intrinsic CKB promotes PyMT primary tumor growth and lung metastasis
in vivo, and the deletion of CKB in the tumor epithelium improves overall survival. (A) Growth rate
over time after transplantation of PyMT EV, HIF-1 KO, sh59 KD, and sh61 KD cells into the inguinal
mammary fat pad of female FVB/Nj recipients. Mean tumor volume± SEM is shown. (B) All tumors
harvested at day 34 from panel (A) were weighed to determine the mean wet weight (g) ± SEM at
the experiment endpoint. Data in (A,B) are representative of two independent experiments. (C) The
impact of CKB expression in the PyMT tumor epithelium on the survival of recipients following
tumor resection. Mice implanted with PyMT cells (EV or either shRNA KD construct) were subjected
to primary tumor resection after tumors grew to similar volumes (~500 mm3), and mice were allowed
to survive post-resection until moribund due to lung metastasis. Mice were removed from the study
when panting due to lung metastasis, or if bodyweight decreased by >15%. The morbidity hazard
ratio (HR) was 3.68-fold higher when FVB/Nj recipients bore Ckb WT tumors (n = 3 mice for EV
and n = 7 total mice for Ckb shRNA knockdown, representing either sh59 KD or sh61 KD tumors).
(D–F) Immunostaining of PyMT EV (n = 5 tumors), HIF-1 KO (n = 4 tumors), sh59 KD (n = 4 tumors)
or sh61 KD (n = 5 tumors) sections to enumerate Ki67 (D), CD31 (E) or activated-caspase 3. (F) The
mean ± SEM of the percentage (%) of the positive area of whole tumor sections is reported for each
genotype.
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3.7. Either Ckb deletion or Systemic Treatment with Cyclocreatine Blocks Lung Metastasis

To explore whether Ckb knockdown blocks the latter stages of the metastatic cascade,
PyMT EV, sh59 or sh61 KD cells were injected into the tail vein to generate lung metastases.
Lungs of mice injected with EV cells were filled with large metastases visible to the naked
eye, whereas no surface metastases were observed for sh61 KD cells (Figure 6A). A strong
repression of metastasis was observed for both shRNA Ckb KD pools, but there was no
significant difference between the two pools (Figure 6A).Cancers 2022, 14, x FOR PEER REVIEW 21 of 31 
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Figure 6. Knockdown of Ckb in the PyMT tumor epithelium or systemic cCr therapy decreases
lung metastasis burden. (A) PyMT EV, sh59 KD or sh61 KD cells were injected into the tail vein
of female FVB/Nj recipients. After 21 days, mice were euthanized and lungs were harvested for
metastasis evaluation after lung inflation through the trachea with PBS. The number of metastases
was compared across genotypes; the scatter plot shows the burden of individual lungs as the
mean ± SEM. Corresponding H&E-stained images of lungs representative of the genotype mean are
shown (400× magnification). Data are representative of two independent experiments. (B) EV PyMT
cells were injected into the tail vein of female FVB/Nj recipients. The next day, treatment with either
vehicle (saline, IP, daily) or cCr (1 g/kg in saline, IP, daily) was initiated. After 21 days, the mice
were euthanized, and lungs were harvested after inflation with PBS. The total number of surface
metastases was counted under a dissecting scope. Most of the mice treated with cCr (5 of 7) did not
develop detectable metastases, although 2 mice in each cohort (2/8, saline and 2/7, cCr) developed
fewer than 50 metastases. Only in the saline group did the majority of mice develop metastases
throughout the lung, with >100 lesions present (5/8 mice; χ2 = 7.634, p = 0.022). Images of whole
lungs photographed immediately post-dissection are shown. (C,D) Comparison of total metastases
present per lung (C), or the number of macro-metastases per lung (D) when mice were treated with
vehicle, or when cCr was administered at either day 1 (Day 1 cCr) or when cCr therapy began at day
7 after the tail vein injection (Day 7 cCr). All lungs were harvested at day 21 post-injection. (E) The
mean bodyweight of the mice treated with saline (vehicle) or cCr from panels (C,D).
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Next, we determined whether treatment with cCr inhibits lung colonization or the
growth of pre-established lung micro-metastases. PyMT EV cells were injected into the
tail vein and allowed to seed the lungs for 24 h. Mice then received daily treatment with
cCr at a dose of 1 g/kg or vehicle (0.9% saline, IP) for 21 days. The surface of lungs from
vehicle-treated mice was covered with metastases, whereas very few metastases were
visible in the cCr cohort (Figure 6B). The majority of mice treated with vehicle developed
metastases (7/8, or 87.5%), and 5/8 mice (62.5%) treated with saline developed >100 lesions.
In contrast, zero metastases were observed in 5/7 mice in the cCr cohort (71.4%), and
2 mice in each cohort developed fewer than 50 metastases (χ2, p < 0.05). These results
were replicated in an independent experiment, and a third cohort was added in which
the administration of cCr therapy was delayed by 7 days, a time after which lung micro-
metastases had formed, such that therapy was then given for a total of 14 days. For mice
treated with cCr beginning at day 1, the mean number of metastases was reduced by over
tenfold. In contrast, approximately 50% fewer metastases were detected if cCr therapy
began on day 7 (Figure 6C). There were no detectable macro-metastases in the day 1 cCr
cohort, versus 3.8 in the saline group or 1.4 in the day 7 cCr cohort (Figure 6D). Over the
course of treatment, mice did not develop gross symptoms of toxicity and there was no
significant difference in body weight when animals were treated for either 14 (day 7 cCr) or
21 consecutive days (day 1 cCr) (Figure 6E).

3.8. Addition of Cyclocreatine to Paclitaxel or Doxorubicin Enhances Growth Inhibition

In a broad panel of cancer cell lines, cCr repressed cell growth with a similar efficacy
as conventional agents, including cyclophosamide, doxorubicin, or 5-FU [25,45,46,48]. Rat
mammary adenocarcinoma tumor growth was enhanced when cCr (IV, IP) was paired
with either cyclophosphamide, doxorubicin, or 5-FU [25], or if the rats were fed chow
supplemented with 1% cCr [49]. In pancreatic cancer and in myeloid leukemia, cCr
monotherapy inhibits metastasis to distant organs [28,50]. Finally, in HER2+ trastuzumab-
sensitive or -resistant breast cancer models, pairing cCr with traszutumab represses cell
growth via the inhibition of CKMT1 [51]. Based on these observations, we sought to
specifically determine in ER-negative breast cancer cell line models if cCr therapy was
additive to, or synergistic with, paclitaxel (Taxol) or doxorubicin (DOX), two widely used
agents to treat stage IV breast cancer, using a formal isobole testing method [39].

First, we compared CKB expression levels in a panel of breast cancer cell lines rep-
resenting various molecular subtypes (Figure 7A and Supplementary Figure S4). MDA-
MB-231 and SUM-159 (TNBC) and T47D (ER+, luminal B) cells did not express detectable
CKB levels, whereas expression was variable in the other cell lines. CKB protein was most
abundant in MDA-MB-453 cells (TNBC), which also express low levels of HER2+ pro-
tein, although not above the clinical cutoff for designating HER2-amplification [52]. CKB
was moderately expressed in MDA-MB-468 and BT549 TNBC cells (Figure 7A), which ex-
pressed similar CKB levels to murine PyMT cells (Figure 1B or Figure 7A). AU565 (HER2+),
CAMA1 (ER+, luminal B), HCC2157 (TNBC) and HCC70 (TNBC) also expressed moderate
levels of CKB. MDA-MB-436 (TNBC) cells expressed relatively low levels of CKB protein
(Supplementary Figure S4).



Cancers 2022, 14, 27 20 of 28

Cancers 2022, 14, x FOR PEER REVIEW 23 of 31 
 

 

Cell Line 
IC50, TAXOL 

CI 

IC70, TAXOL 

CI 

IC50, DOX 

CI 

IC70, DOX 

CI 

MDA-MB-468 1.06 0.52 0.61 0.39 

BT549 0.86 0.58 1.50 1.28 

MDA-MB-453 0.95 2.18 0.77 1.40 

 

Figure 7. Cyclocreatine is synergistic with, or additive to, two conventional chemotherapies, and 

cyclocreatine inhibits the formation of invadopodia. (A) (Left) Western blotting for endogenous Figure 7. Cyclocreatine is synergistic with, or additive to, two conventional chemotherapies, and
cyclocreatine inhibits the formation of invadopodia. (A) (Left) Western blotting for endogenous CKB
protein in a panel of human breast cancer cell lines (β-tubulin, loading control). (Right) Western
botting for CKB protein in BT549 TNBC cells and HIF-1 WT PyMT cells in a separate blot. BT549 cells
express similar levels of CKB protein to PyMT HIF-1 WT cells; equivalent loading is indicated by
Ponceau S staining. (B–G) The growth ratio (all treatments are normalized to their respective t = 0
cell density) over time when human MDA-MB-468 TNBC cells (B,C), BT549 TNBC cells (D,E) or
MDA-MB-453 TNBC cells (F,G) are cultured in the presence of vehicle, cCr alone, or cCr with Taxol
(B,D,F) or doxorubicin (C,E,G) for 96 h. H. Loss of Oregon Green-conjugated gelatin was measured
in the IncuCyte S3 live-cell imager after seeding cells onto gelatin-coated coverslips in the presence of
an MMP inhibitor, and then the replacement of growth medium with or without cCr, as described in
the Materials and Methods. Quantification data over time are shown for vehicle-treated versus cCr-
treated BT549 cells ((H), Left panel) or for MDA-MB-231 empty vector (EV) or MDA-MB-231 +mCKB
cells ((H), Right panel). Two coverslips were measured simultaneously at each time point across
each coverslip/well (n = 16 independent images/coverslip/timepoint). Data are representative of
three independent experiments. (I) Example immunostaining images of invadopodia at experimental
endpoint co-stained with cortactin (red) and DAPI (630×magnification, scale bar represents 20 µM).
All images were captured with identical laser intensity and exposure settings.
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Three TNBC cell line models were selected for evaluating the efficacy of cCr monother-
apy versus combination with paclitaxel or DOX, including MDA-MB-468 (CKB moderate)
BT549 (CKB moderate) and MDA-MB-453. (CKB high). BT549 cells also formed invadopo-
dia in vitro [53]. The estimated IC50 doses of cCr and each chemotherapy were determined
by phase confluence assays, as described in the Materials and Methods (Table 2). Isobole
assays evaluated whether combination therapy was likely to be additive or synergistic
(Table 3).

Table 2. Calculation of monotherapy IC50 values in human TNBC cell lines. IC50 values ± SEM
were determined at 96 h, as described in the Materials and Methods. IC50 values for independent
experiments were calculated using non-linear regression and variable slope fit in Prism 9.0. Results
from independent experiments were averaged to report the mean (n = 4 replicates/cell line/drug).

Cell Line cCr
C50, mM

Taxol
C50, nM

DOX
C50, nM

MDA-MB-468 19.15 ± 3.06 11.16 nM ± 2.94 343.6 ±126.6

BT549 22.38 ±1.47 3.82 ± 0.44 28.28 ± 3.68

MDA-MB-453 6.10 ± 1.48 6.03 ± 1.75 60.39 ± 11.53

Table 3. Combination indices calculated for human TNBC cell lines pairing cCr with either Taxol or
DOX. Isobole studies were performed, and data representative of 2 independent isobole assays are
shown.

TNBC Models
Taxol @ IC50
+cCr @ IC30

Combination Indices (CI)

DOX @ IC50
+cCr @ IC30

Combination Indices (CI)

Cell Line IC50, TAXOL
CI

IC70, TAXOL
CI

IC50, DOX
CI

IC70, DOX
CI

MDA-MB-468 1.06 0.52 0.61 0.39

BT549 0.86 0.58 1.50 1.28

MDA-MB-453 0.95 2.18 0.77 1.40

In MDA-MB-468 cells, a combination of 10 mM cCr with 25 nM Taxol was synergistic
(combination index, CI = 0.52), efficiently inhibiting cell growth (Figure 7B). For DOX,
100 nM repressed growth by ~50%, but the addition of cCr to DOX further inhibited cell
growth (Figure 7C); this combination was additive. In contrast, in BT549 cells, cCr was
synergistic with a 5 nM dose of Taxol (Figure 7D), but no significant change in cell growth
was observed when cCr was paired with DOX; in fact, isobole studies suggested antag-
onistic effects of this combination (CI > 1.0) (Figure 7E, Table 3). In MDA-MB-453 cells,
the most sensitive model to cCr (Table 2), the combination of either Taxol (Figure 7F) or
DOX (Figure 7G) with cCr was synergistic at the IC50 doses of either agent (CI = 0.95 and
0.77, respectively). It has previously been reported that combining cCr with Taxol enhances
microtubule stability, leading to the synergistic killing of MCF-7 (ER-positive) cells [54]. To
establish if this effect is also observed in ER-negative cells, MDA-MB-468 cells were im-
munostained for alpha-tubulin. Treatment with cCr slightly disrupted the microtubule net-
work and Taxol-stabilized microtubules, but the addition of cCr to Taxol further stabilized
tubulin networks, indicating synergy between cCr and Taxol (Supplementary Figure S5).
The molecular mechanisms of the observed additive effects of cCr in combination with
DOX require further investigation.

3.9. Invadopodia Formation in TNBC Cells Depends on Creatine Kinase Activity

To determine if CKB regulates local invasion through the formation of invadopodia,
two human TNBC models were used: MDA-MB-231 and BT549 cells. Invadopodia are
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characterized by the focal degradation of a fluorescent gelatin coating deposited onto glass
coverslips prior to cell seeding, in addition to the presence of cortactin [38]. We optimized
protocols to image the loss of gelatin by imaging invadopodia assay coverslips submerged
into 24-well dishes using a live-cell imager (Figure 7H). Representative experiments of two
independent, simultaneously imaged coverslips revealed that treatment of BT549 cells with
cCr inhibited the loss of gelatin over time (52 h), whereas the ectopic expression of CKB in
MDA-MB-231 cells stimulated gelatin loss over 24 h (Figure 7H). The presence of cortactin
in areas of invadopodia formation was validated by immunofluorescence at the end of the
imaging (Figure 7I; BT549 images in Supplementary Figure S6A). We also immunostained
for CKB in endpoint invadopodia in MDA-MB-231 +mCKB cells. Representative images
comparing empty vector and +mCKB cells revealed that CKB protein is detectable at the
edges of invadopodia (Supplementary Figure S6B).

4. Discussion

Although multiple roles for HIF-1α in mediating breast cancer phenotypes are well-
defined [55], many individual HIF-1α-dependent genes remain to be characterized for their
role in breast tumor progression and metastasis in specific breast cancer subtypes. We
identified CKB as an HIF-1α-dependent target gene necessary for tumor outgrowth and
lung metastasis in the MMTV-PyMT transgenic model of MBC. Higher CKB mRNA or
protein levels were also found to be prognostic of reduced relapse-free survival (RFS) across
all molecular subtypes of breast cancer. The likelihood of RFS was further decreased for
patients diagnosed with basal-like breast cancers. Basal-like and HER2-enriched subtypes
exhibit high constitutive expressions of HIF-1α and HIF-1 target genes [32,56]; therefore,
we focused on understanding the function of CKB in ER-negative models.

An HIF-dependent, but not hypoxia-stimulus-dependent, regulation of Ckb mRNA
and protein levels was observed in PyMT cells. HIF protein stabilization can be induced
independently of hypoxia by several growth factor signaling pathways, including EGF
and HER2 [57]; thus, the HIF-1-dependent, but not hypoxia-induced, expression of CKB in
TNBC may be mediated in this manner. Cell stressors such as low glucose, change in pH,
and the production of reactive oxygen species (ROS) all increase HIF-1α expression [58],
and could up-regulate CKB expression independent of hypoxia. In contrast, in ER+ MCF-
7 breast cancer cells, CKB mRNA levels increased in response to hypoxia. In both models,
ChIP assays demonstrated that CKB is a direct HIF transcriptional target in the breast
epithelium.

CKB mRNA and protein levels were also decreased in HIF-1 KO end-stage whole
tumors, although the reduction was modest relative to cultured cells. A significant differ-
ence in Ckb mRNA levels in tumors was observed only after normalization to the epithelial
marker K18. HIF-1 loss, and thus, reduced CKB, is targeted only to the tumor epithelium;
therefore, a significant proportion of the CKB signal observed in whole tumor extracts is
likely derived from the stroma. CKB is expressed in adipose, macrophages and endothelial
cells [29,59–61].

The biological activities predominantly impacted in response to Ckb shRNA KD
were related to metastatic potential, including the repression of invasion through the
extracellular matrix (ECM) and reduced lung metastasis. ATP production was also inhibited.
Surprisingly, Seahorse analysis revealed decreases in both the glycolytic and mitochondrial
respiration (OXPHOS) arms of cellular metabolism, with the most prominent changes
observed for sh61 shRNA cells. Glycolytic capacity was reduced by 53%, basal respiration
was reduced by 46% and maximal respiration was reduced by 55%. Furthermore, the basal
and maximum respiration rates of sh61 KD cells were similar (59.9 vs. 63.6 mpH/min/RFU),
suggesting an inability to respond to increased demand for energy. We conclude that
whereas either cellular proliferation or cell motility can tolerate decreased ATP production
when CKB levels are low, the creatine kinase phosphagen arm is essential to produce the
energy necessary for cell invasion and metastatic colonization. In other breast cancer cell
types that regulate CKB in a hypoxia-dependent manner, such as MCF-7 cells, increased
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CKB expression may be necessary to supplement energy production when oxygen is limited
and glycolysis is the predominant pathway to generate ATP. It has been suggested that
cytosolic CKs interact with the mitochondrial CK isoforms to maintain energy flux [15]. In
thermogenic brown fat, CKB directly shuttles between mitochondria and the cytoplasm,
directly regulating mitochondrial ATP turnover [61]. CKB deletion in the presence of
oxygen impaired energy production through glycolysis and mitochondrial respiration,
similar to our observations in ER-negative breast cancers.

Despite minimal changes in proliferation in vitro in response to the loss of CKB, there
was a robust decrease in the PyMT Ckb KD tumor growth rate. Remarkably, deletion of
this single HIF-1 target gene produced tumors with similar volumes to HIF-1 KO cells,
suggesting that tumor-cell-intrinsic CKB directly influences the local surrounding microen-
vironment to promote tumorigenesis. It is possible that the loss of epithelial-derived CKB
disrupts a paracrine network necessary to promote tumor growth. For example, local extra-
cellular secretion of CKB by colon cancer cells into the liver microenvironment promotes
metastatic outgrowth through the extracellular production of phosphocreatine (PCr), which
was then imported into tumor cells as an energy source [27]. In this model, implantation of
an osmotic pump releasing cCr into peritoneum also repressed liver metastasis [27].

Tail vein assays revealed a significant decrease in lung colonization, either in response
to Ckb KD or by inhibiting CK activity with daily cCr systemic treatment. cCr significantly
inhibited the formation of lung macro-metastases and the conversion of pre-established
micro-metastases to macro-metastases. Overall survival increases when Ckb is deleted
in tumors re-generated from MTECs orthotopically implanted into the WT mammary
fat pad; therefore, it is also clear that CKB is necessary for efficient completion of the
entire metastatic cascade, beginning with local invasion. This conclusion is also supported
by our observations that the loss of CKB in PyMT cells impairs invasion, whereas the
over-expression of CKB in MDA-MB-231 cells not only enhances chemotaxis and cell
invasion, but also promotes invadopodia activity. The apparent relationship between HIF-1,
a master regulator of cellular metabolism, and CKB, and the degradation of the extracellular
matrix by invadopodia is intriguing. In a proteomics screen to identify factors enriched
in invadopodia, multiple HIF-dependent metabolic enzymes were identified, including
GAPDH, enolase 1, lactate dehydrogenase (LDH), pyruvate kinase, muscle 2 (PKM2) and
phosphoglycerate kinase 1 (PGK1) [62]. Additional studies are warranted to ascertain
how the HIF-1α-dependent modulation of CKB expression contributes to each step of the
metastatic cascade. Notably, creatine supplementation, which increases creatine kinase flux,
is not sufficient to change the primary tumor growth rate, but significantly enhances lung
metastasis, including in the 4T1 breast cancer model [63]. Overall, the tight regulation of
cellular metabolism by CKs is likely critical for a cell’s ability to invade.

Local ATP generation coordinated by CKB to facilitate cell motility was previously
suggested for astrocytes and fibroblasts [29]. The direct relationship of creatine flux with
ATP levels and cell motility was recently revealed using pancreatic cancer models [28].
In this study, CKB, but not other CK isoforms, was shown to be a Yes-associated protein
(YAP)-responsive mechanosensory responder. In particular, YAP increased CKB expression
and CK activity in response to a stiff extracellular environment. Increased expression of
YAP promotes breast tumorigenesis, although it is dispensable for normal mammary gland
development [64]. Connections between YAP and HIF and CKB are of interest because YAP
can induce HIF-1α [64] through mechanical loading [65], and because hypoxia/HIF-1 can
also stimulate YAP activity through 14-3-3-zeta [66], potentially setting up feed-forward
loops executed via CKB that are necessary for metastatic potential.

Cytotoxic chemotherapies are frontline treatments for stage IV TNBC. We observed
that pairing cCr with either paclitaxel or doxorubicin enhanced cCr efficacy. The most
potent inhibition of cell growth occurred when cCr was paired with paclitaxel. cCr treat-
ment was also synergistic with DOX near the IC50 of DOX in two TNBC cell lines (MDA-
MB-468 and MDA-MB-453), but was antagonistic to cCr in BT549 cells. Interestingly,
doxorubicin can impact heart microtubule structure by impairing reassembly [67]. Down-
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regulation of CKB in Skov3 ovarian cancer cells was shown to enhance sensitivity to
doxorubicin [20]. However, the exact mechanisms of DOX synergy with cCr remain unde-
fined. We conclude that cCr therapy inhibits growth and impairs chemotaxis/cell motility
through both its effects on cellular metabolism and microtubule dynamics.

There is increasing evidence from a variety of solid cancers that CK inhibition is a
promising clinical intervention for patients with metastatic disease. In addition, cCr likely
crosses the blood–brain barrier, and phosphorylated cCr functions as a phosphagen in
the brain [68,69], suggesting that creatine analogs may effectively target brain metastases.
Systemic cCr therapy is well tolerated in rodents [70] and in limited clinical trials [15].
In addition, the deletion of Ckb or systemic administration of cCr is protective against
bone loss in mice [71], suggesting additional potential clinical applications to prevent the
osteolytic destruction of bone, the most common site of metastasis in breast cancer patients.
A new generation derivative of cCr with enhanced bioavailability, known as LUM-001, was
developed to treat creatine transporter deficiency. LUM-001 was tested in rodents to treat
neurodevelopmental cognitive disorders, including autism [68]. More recently, a novel, oral
small molecule creatine mimetic, RGX-202 (Inspirna), was shown to inhibit creatine import,
to induce apoptosis and to inhibit metastasis to the liver in a variety of pre-clinical colorectal
cancer models [72]. Data from early clinical trials (ClinicalTrials.gov: NCT03597581) suggest
a favorable safety profile from dosages given twice a day, and confirmed in humans that
RGX-202-01, the compound optimized for clinical trials, increases serum and urine levels
of creatine in patients with gastrointestinal cancer [72]. Moreover, the anti-tumor activity
of RGX-202 is directly correlated with CKB expression levels, as we have observed in
metastatic breast cancer models.

5. Conclusions

In summary, our results demonstrate that CKB is a major effector of the HIF-1-mediated
promotion of metastatic phenotypes in ER-negative breast cancer in vitro and in vivo. CKB
is capable of driving aggressive phenotypes in the context of normoxia or hypoxia, likely
through its combined roles in managing cellular metabolism, cell cycle progression and
microtubule dynamics. A growing body of evidence indicates that cCr has anti-tumor
efficacy in multiple breast cancer subtypes, including HER2+ breast cancers, and as reported
here, in ER-negative/basal breast cancer models. New clinical trials to explore creatine
kinase inhibitor monotherapy versus combination with either Taxol or doxorubicin are
predicted to demonstrate prolonged survival through the reduced survival of cancer cells in
circulation, during colonization and by impairing the growth of cells already disseminated
to distant organs, including lung, brain and bone metastases.
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knockdown efficiency of Ckb shRNA constructs in PyMT cells; Figure S3: CytoTox Green assays to
measure cell viability after exposure to 15 mM or 25 mM cCr; Figure S4: Comparison of CKB levels in
additional human breast cancer cell lines; Figure S5: Tubulin networks detected by alpha-tubulin
immunostaining following paclitaxel (Taxol) treatment in combination with cCr; Figure S6: Immunos-
taining of invadopodia coverslips at experimental endpoint; Table S1: Differentially expressed gene
list, HIF-1 WT, normoxia vs. HIF-1 WT, hypoxia; Table S2: Differentially expressed gene list, HIF-1 WT,
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sequences obtained from The RNAi Consortium (TRC) library purchased through Open Biosystems.
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