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SUMMARY

Metabolic reprogramming is a hallmark of cancer, enabling cancer cells to rapidly proliferate,
invade, and metastasize. We show that creatine levels in metastatic breast cancer cell lines and
secondary metastatic tumors are driven by the ubiquitous mitochondrial creatine kinase (CKMTI).
We discover that, while CKMT1 is highly expressed in primary tumors and promotes cell
viability, it is downregulated in metastasis. We further show that CKMT1 downregulation, as

seen in breast cancer metastasis, drives up mitochondrial reactive oxygen species (ROS) levels.
CKMT1 downregulation contributes to the migratory and invasive potential of cells by ROS-
induced upregulation of adhesion and degradative factors, which can be reversed by antioxidant
treatment. Our study thus reconciles conflicting evidence about the roles of metabolites in the
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creatine metabolic pathway in breast cancer progression and reveals that tight, context-dependent
regulation of CKMT1 expression facilitates cell viability, cell migration, and cell invasion, which
are hallmarks of metastatic spread.
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In brief

Ayyappan et al. investigated the role of CKMT1 in breast cancer progression and showed

that CKMT1 upregulation increases tumor cell growth and viability, while downregulation
promotes metastasis. This context-dependent role is tied to CKMTI-mediated regulation of the
mitochondrial permeability transition pore, which modulates reactive oxygen species release.

INTRODUCTION

Breast cancer is the second most common cancer globally and the most common malignancy
among women worldwide.1:2 Rigorous analysis of breast oncogenesis and tumor progression
has uncovered an array of genetic and molecular events and mechanisms associated with
primary tumor formation and growth. In particular, altered metabolism, such as of glucose,
glutamine, and choline, have been well characterized in the context of their importance

to rapid tumor growth in an altered microenvironment.3~7 However, the bulk of breast
cancer mortality is associated with metastatic disease.2 Due to tremendous intratumoral
heterogeneity and an extensive series of changes that accompany the commitment to
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initiating metastasis, transcriptional and metabolic profiles of breast cancer metastases can
differ substantially from those in the primary tumor.2 Exploring altered metabolism in breast
cancer metastasis at the molecular level may thus open new diagnostic, prognostic, and
therapeutic possibilities for patients.

Interest in creatine (Cr) metabolism has increased, as a number of recent reports have
described the contribution of Cr and its metabolism to colorectal,® blood,®10 and subsets

of breast cancer.1! In fact, nutritional Cr supplementation can increase cancer metastasis.12
However, the involvement of Cr metabolism in breast cancer metastasis has yet to be
characterized in detail, as the biological importance of Cr varies across cancers. For
example, elevated Cr levels contribute to invasion in pancreatic adenocarcinoma cells!3

and prostate cancerl# but are seemingly counterproductive to metastatic progression in
squamous cell carcinoma.l® In breast cancer, malignant and metastatic cell lines have been
observed to display decreased levels of Cr metabolites, 16 but the mechanism for this trend
has yet to be determined in detail. Cells synthesize Cr via a two-step process (Figure

1A). The enzyme L-arginine:glycine amidinotransferase (AGAT) first catalyzes the transfer
of a guanidinium group from L-arginine to glycine to yield guanidinoacetate, which is
methylated by N-guanidinoacetate methyltransferase.l’” Cr kinases reversibly convert the
resulting Cr to phosphocreatine (PCr), a process vital to cellular ATP recycling.® Linking
Cr metabolite profiles associated with malignancy and metastasis to these underlying genetic
and molecular factors may thus facilitate the identification of vulnerabilities in breast cancer
associated with Cr metabolism and delineate patient populations who may benefit from
targeted treatments.

The aim of this study was to identify the molecular causes and functional roles of Cr
metabolism in breast cancer metastasis. Using human breast cancer cell lines and patient
samples of metastatic and primary breast tumors from the same deceased breast cancer
patients, we show that ubiquitous mitochondrial Cr kinase (CKMTI) levels are elevated in
primary tumors compared to metastases. Further, we illustrate that levels of Cr metabolites
are driven by CKMT1, which catalyzes Cr-PCr interconversion, contributes to mitochondrial
ADP recycling,1® maintains the mitochondrial inner membrane,29-23 and is downregulated
in metastatic cell lines and metastasized tumors. We finally suggest a context-dependent role
of CKMT1 in breast tumor growth and metastasis whereby CKMT1 overexpression in the
primary tumor decreases reactive oxygen species (ROS) production and promotes increased
cell viability. Following CKMT1 downregulation, increased ROS release then facilitates
metastatic capabilities of breast cancer cells.

CKMT1 drives Cr metabolite profiles in human breast cancer cell lines

To investigate the Cr metabolite profile of human breast cancer cells, we performed high-
resolution (HR) 1H magnetic resonance spectroscopy (*H MRS) on a panel of six breast
cell lines of varying malignancy, aggressiveness, and metastatic potential (Figures 1B and
S1A). We observed low total Cr (tCr) levels, which includes Cr and PCr concentrations, in
malignant, nonmetastatic (MCF-7), and metastatic breast cancer cell lines (MDA-MB-468,
SUM159, and MDA-MB-231) and high tCr in nonmalignant breast epithelial cell lines
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(MCF-10A and MCF-12A). While the breast cancer cell line MCF-7 was derived from the
cells of a patient with metastatic breast cancer, these cells lack metastatic ability /7 vivoand
are neither migratory nor invasive in vitro.2* For this reason, we refer to MCF-7 cells as
“malignant, nonmetastatic.”

As this initial study pointed toward an overall decrease in Cr metabolism in metastasis,

we performed an /n silico differential expression analysis of a publicly available breast
cancer microarray dataset (GSE-690172%), wherein mRNA levels were compared from 14
nonmetastatic and 12 metastatic human breast epithelial and breast cancer cell lines (Figures
1C; Table S1). Among the six enzymes and transporters involved in Cr metabolism, CKMT1
was the only gene with significantly decreased mRNA expression levels in cell lines with
metastatic potential versus cell lines without metastatic potential. We also detected CKMT1
downregulation in a panel of human breast cancer cell lines varying in their metastatic
potential, which revealed particularly low mRNA and protein expression levels of CKMT1
in the metastatic breast cancer cell lines MDA-MB-468, SUM159, and MDA-MB-231
(Figures 1D, 1E, and S1B). Notably, malignant breast cancer cell lines with high metastatic
potential, lower Cr and PCr levels, and decreased CKMT1 expression generally showed
lower rates of maximal respiration, decreased spare respiratory capacity, and increased
glycolytic capacity (Figures 1F, 1G, and S2). This trend is consistent with a potential role of
CKMT1 in mitochondrial ATP generation.

Constitutive overexpression of CKMT1 in malignant MDA-MB-231 and SUM159 breast
cancer cells consistently resulted in significant increases in Cr and PCr (Figure S3A), further
demonstrating that CKMT1 drives, at least partly, cellular PCr and Cr levels in breast cancer
cells. While significant changes in PCr/Cr ratio were not observed in metabolite extracts
from both CKMT1-overexpressing cell lines, we consistently detected significant increases
in intracellular pools of upstream metabolites in the Cr metabolite pathway, including
arginine (Figures S3B and S3C).

Notably, levels of arginine correlate strongly (r > 0.8) with intracellular Cr concentrations,
suggesting that intracellular arginine pools are tied to cellular capacity for Cr synthesis
(Figures S3D-S3F). Indeed, cancer cell lines like MDA-MB-231 are argini-nosuccinate
synthase 1 deficient and thus depend on arginine import to maintain arginine pools.28

In looking at the effects of CKMT1 overexpression, we observed increased intracellular
arginine following overexpression (Figure S3C), which would be consistent with this notion.
We further found that CKMT1 overexpression increased the mRNA expression levels of
AGATI GATM, also contributing to increased tCr-metabolite biosynthesis in these cells.

CKMT1 is upregulated in primary tumors and downregulated in metastases

Prior work in other cancers has suggested that PCr promotes metastatic behavior,!3 a
phenomenon that runs counter to our observation of decreased PCr in cancer cell lines

with high metastatic potential. In SUM159 breast cancer cells, we observed that addition

of exogenous PCr to cell culture media did not impact cell migration or invasion (Figure
S4). Thus, we sought to specifically determine the role of CKMT1 downregulation in
metastatic spread and examined CKMT1-correlated functional annotations of genes from the
Cancer Genome Atlas (TCGA)27 and Molecular Taxonomy of Breast Cancer International
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Consortium (METABRIC)?8 breast cancer patient datasets. Gene sets associated with cell
viability had the most positively correlated expression with that of CKMT1 in breast cancer
patients, which was within the top 5% of the TCGA and the top 2% of the METABRIC
dataset. We also detected gene sets associated with migration and cell adhesion among the
top 1,000 genes whose expression negatively correlated with that of CKMT71 (Figure 2A;
Tables S2, S3, and S4).

To investigate CKMT1 protein expression in clinical breast cancer metastasis, we studied

a patient cohort of 17 terminal breast cancer patients enrolled in our rapid autopsy

program using CKMT1 immunohistochemistry (IHC). Primary breast tumors, lymph node
metastases, multiple systemic metastases, and various normal tissue cores from each patient
were arranged on single-patient tissue microarrays (TMAS).29-33 These TMAs are unique
because they contain both normal and cancerous tissue from each site of a given patient,
allowing for direct comparison within each patient. In total, these 17 single-patient TMAs
contained 148 primary tumor core biopsies and 1,399 metastasis core biopsies derived

from 49 different organs.2%-33 CKMT1 IHC of these 17 TMAs revealed that, while

lowly expressed in normal breast tissue, CKMT1 protein expression was significantly
higher in primary tumors and significantly downregulated in secondary tumors in various
metastatic sites (Figures 2B and 2C). Our analysis of the dataset GSE-120753,34 which
comprises mMRNA expression data between matched primary tumor and lung metastases

in a patient-derived xenograft model of triple-negative breast cancer, similarly revealed
downregulation of CKMT1 mRNA in lung metastases compared to primary tumors (Figure
2D). An additional MRNA microarray dataset (GSE-26338)3° also showed significant
downregulation of CKMT1 in metastatic nodules relative to primary tumors (Figure 2E).
This dataset did indicate lower CKMT1 expression in metastases relative to normal breast as
well, which may point to post-transcriptional or post-translational mechanisms.

Divergent effects of CKMT1 on breast cancer cell viability and metastatic abilities

Since our data show that CKMT1 downregulation occurs in metastasis, we sought to
evaluate whether differences in CKMT1 expression alone could affect key abilities in breast
cancer cells that result in cancer progression, including migration, invasion, adhesion, and
proliferation. In MDA-MB-231 and SUM159 cells genetically engineered to overexpress
CKMT1, we observed a marked reduction in cell migration, invasion, and adhesion (Figures
3A-3C and S5A), which was consistent with the /n silico analysis of TCGA data in Figure
2A and Tables S2, S3, and S4 showing negative correlation of CKMT1 expression with
expression levels of mMRNAs/proteins conferring migration and cell adhesion in patients.
We consistently observed downregulation of mMRNA expression levels associated with both
invasion and cell adhesion in both CKMT1-overexpressing metastatic breast cancer cell
lines, including downregulation of the degradome marker MMPZ, homophilic adhesion
marker CDHZ, and heterophilic adhesion marker /7GB4 (Figure S5B). Using a WST-1

cell viability/proliferation assay, we observed that overexpression of CKMT1 increased cell
viability in MDA-MB-231 and SUM159 cells (Figure 3D), along with elevated mRNA
expression levels of the cell proliferation marker Ki67 (Figure S5B).
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To complement our gain-of-function experiments with loss-of-function studies, we
performed small interfering RNA (siRNA) knockdown of CKMT1 in MCF-7 and MCF-10A
cells, which both have high levels of endogenous CKMT1 expression (Figure 3E) and

are malignant and nonmalignant, respectively. While MCF-7 cells are cancer derived,

they have low metastatic potential /7 vivo. Following CKMT1 knockdown, we observed
significant invasion in MCF-7 cells, which does not occur in wild-type MCF-7 cells, as well
as significantly increased migration (Figure 3F). While treatment with CKMT1-targeting
siRNA was unable to elicit invasion of MCF-10A cells (which also do not invade at
baseline), CKMT1 knockdown significantly increased MCF-10A cell migration (Figure
3G). Moreover, cells treated with CKMT1 siRNA displayed increased mRNA and protein
expression of various adhesion molecules and markers of migration and invasion, such as
MMP2, CDHZ (N-Cadherin), and /TGB4 (Figures 3H and S6). Taken together, these data
strongly suggest that low CKMT1 expression levels are necessary and sufficient to promote
migratory and invasive behavior in breast cancer cells.

To further investigate the mechanism by which CKMT1 expression affects cell viability,
exogenous PCr was added to the media of empty-vector MDA-MB-231 and SUM159
cells, which resulted in increases in cell viability similar to those observed in CKMT1-
overexpressing cells (Figure S7A). No increases in viability were observed when Cr was
added to the media of these cells (Figures S7B and S7C). This finding suggests that the
role of CKMT1 in producing PCr via the Cr-PCr shuttle impacts cell viability. However,
CKMT1 knockdown in MCF-7 and MCF-10A cells resulted in a significant decrease in
cell viability in both cell lines (Figure 31), which was not rescued by the addition of
exogenous PCr, suggesting that CKMT1 impacts cell viability through mechanisms other
than PCr production as well (Figure S7D). CKMT1 also functions as a mitochondrial
membrane protein that regulates the mitochondrial permeability transition (MPT), which,
in turn, permeabilizes the mitochondrial membrane, thereby permitting ROS production
and ultimately resulting in cell death.19:21.38 Accordingly, we showed that the decrease in
cell viability in CKMT1 knockdown cells was rescued by addition of the mitochondrial
antioxidant Mito-TEMPO (Figure S7E).

Previous studies have shown that the addition of cyclocreatine (cCr), a Cr analog that
competitively inhibits CKMT1-mediated Cr-PCr interconversion, causes decreased cell
viability.11:37 However, the same studies also found that cCr has no effect on mitochondrial
stability and MPT induction.11:37 We observed that, while competitive blockade of CKMT1
by cCr decreased cell viability, cells could be rescued by addition of PCr (Figure S7A).

Of the cell lines tested, MCF-7 cells displayed the lowest sensitivity to cCr, with relatively
little change in cell viability at 5 mM cCr, a concentration that induced cell death in other
cell types. cCr may not be a pure Cr kinase inhibitor, and while off-target effects of cCr
administration are possible, the sensitivity of MCF-7 cells to CKMT1 knockdown but not to
cCr suggests that CKMT1 plays a multifaceted role in cell viability.

We also evaluated the effect of a specific, irreversible CKMT1 inhibitor, Mito-CKi,38 in
MCF-7 and MCF-10A cells. Mito-CKi administration led to decreased viability in both cell
lines (Figure S8). While PCr was unable to rescue either cell line, we observed Cr rescue in
MCF-10A cells but not MCF-7 cells. Administration of Mito-CKi did not result in increased

Cell Rep. Author manuscript; available in PMC 2024 May 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ayyappan et al.

Page 7

ROS, suggesting that CKMTZI’s effects on Cr-PCr interconversion and on MPT/ROS release
are independent (Figure S9A).

CKMT1 affects mitochondrial ROS and the expression of degradome and adhesion

proteins

To further study the role of CKMT1 in metastatic breast cancer cells, we sought to

assess the effects of CKMT1 knockdown on ROS release, as previous studies have

shown that metastatic cells display increased release of ROS.3%40 Controlled ROS release
has also been proposed to contribute to cell motility and metastatic potential.#1:42 We
observed that CKMT1 knockdown in MCF-7 and MCF-10A cells consistently resulted in
increased ROS levels in these two cell lines, as measured by DCFDA/H,DCFDA ROS
(2’,7°-dichlorofluorescin diacetate) assay, which could be abrogated by treatment with 1 mM
of the mitochondrion-targeted antioxidant Mito-TEMPO (Figure 4A). We also observed,

in MCF-10A and MCF-7 cells with CKMT1 knockdown, that concurrent treatment with
Mito-TEMPO (1 pM) reversed CKMT1 knockdown-induced increases in cell migration and,
in MCF-7 cells, cell invasion (Figure 4B). Western blot analysis revealed that increases in
migration/invasion and adhesion molecules induced by CKMT1 knockdown could largely
be reversed by Mito-TEMPO treatment (Figures 4C and 4D), though the specific molecules
affected by CKMT1 knockdown are cell line specific (Figures 4C, 4D, and S10).

CKMT1 has previously been associated with aberrant cell signaling, albeit in other
cancers,*3 and pathways such as the mitogen-activated protein kinase/ERK pathway have
been implicated in ROS sensing and metastasis, 293944 with £RK2as an established sensor
of ROS with effects on tumor growth and metastasis.*>~48 We observed that, following
CKMT1 knockdown, MCF-7 cells consistently increased expression levels of activated
(phosphorylated) £RK and particularly of activated ERKZ (Figures 4C and 4D). Mito-
TEMPO treatment of these CKMT1 knockdown MCF-7 cells resulted in a sharp decrease

in activated £RK levels (Figures 4C and 4D). However, we did not observe this trend in
MCF-10A cells (Figure 4D). Taken together, our data show that reduced CKMT1 expression
levels in breast cancer cells drive up mitochondrial ROS levels, which, in turn, prompts
increased cell migration and invasion by altering the expression of adhesion and degradative
proteins like N-Cadherin, ITGB4, and MMPZ.

We sought to determine whether the increased ROS levels observed following CKMT1
knockdown were a result of changes in MPT activation or whether these were rather

a consequence of CKMTZ1’s role in metabolism, contributing to the efficiency of the
electron transport chain by facilitating ATP exchange between cytosolic and mitochondrial
compartments. To study this, we tested the ability of cyclosporin A, a well-established
inhibitor of MPT,49 to rescue the increased ROS levels induced by CKMT1 knockdown.
We observed that, while cyclosporin A treatment did not significantly change ROS levels

in control MCF-10A or MCF-7 cells, cyclosporin A did rescue ROS levels after CKMT1
knockdown (Figure S9B). These findings support the role of CKMT1 as a regulator of MPT
and subsequent ROS production.
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Metabolic consequences of altered CKMT1 expression

To further investigate the impact of CKMT1 on metabolism, we also measured the levels

of specific metabolites associated with glycolysis, the tricarboxylic acid (TCA) cycle, and
oxidative phosphorylation (Figures S11A and S11D). In both MDA-MB-231 and SUM159
CKMTI-overexpressing cells, we observed a significant increase in the ratio of metabolites
associated with glycolysis (lactate and alanine) to those associated with the TCA cycle

and oxidative phosphorylation (glutamate, aspartate, succinate, and fumarate) as compared
to empty vector controls (Figures S11B and S11E). Further, we tested the expression

levels of genes associated with glycolysis that may accompany CKMT1 overexpression,
including hexokinase-2 (HK2), phosphofructokinase-muscle (PFKM), lactate dehydrogenase
A (LDHA), and lactate dehydrogenase B (LDHB) using RT-gPCR. In accordance with the
increased levels of glycolytic metabolites, we detected significant upregulation of HK2,
PFKM, and LDHA in CKMT1-overexpressing MDA-MB-231 cells (Figure S11C) and
significant upregulation of PFKM, LDHA, and LDHB in CKMT1-overexpressing SUM159
cells (Figure S11F) relative to the corresponding empty vector controls.

In addition, total AXP (ATP+ADP+AMP) levels decreased (by 43% in MDA-MB-231 and
by 36% in SUM159) following CKMT1 overexpression (Figure S12), with a large effect
size that did not reach significance. AMP levels did not change significantly; however,
increased PCr coupled with decreased AXP could suggest increased use of the Cr kinase
system. The resulting increase in PCr synthesis may contribute to increased levels of
glycolysis-associated metabolites. Notably, we found no significant difference in cellular
ROS between CKMTI1-overexpressing cells and empty vector cells (Figure S9C). However,
using H HR MRS (Figure S13A), we noted a general decrease of intracellular levels

of metabolites with an established mitochondrial antioxidant function, such as NAD(P)H,
NAD(P)+, taurine, and glutathione®0 in CKMTI-overexpressing cells compared to empty
vector cells, though alterations in individual metabolite concentrations among these were not
statistically significant (Figure S13B). This suggests that changes in metabolite pools also
contribute to the measured ROS signal in the setting of CKMT1 overexpression.

Surprisingly, when evaluating the effect of CKMT71 knockdown on cellular ATP generation,
we found no marked changes to glycolytic or oxidative flux (Figure S14), suggesting that
other modes of compensation may be at play. Testing for expression levels of cytosolic

Cr kinases that could compensate, we found that the breast cell lines evaluated expressed
the cytosolic Cr kinase isoforms of brain (CKB), but we did not detect the expression

of the sarcomeric isoform of mitochondrial Cr kinase (CKMTZ2) or muscle Cr kinase
(CKM) across all cell lines tested. Notably, we detected, in both CKMT1 overexpression
and knockdown, a corresponding up- and downregulation of the cytosolic Cr kinase CKB
(Figure S15). In the case of overexpression, upregulation of CKB could promote increased
use of the Cr kinase system and also support cytosolic ATP generation. These observations
suggest compensation by cytosolic Cr kinase for perturbed CKMT1 expression to mitigate
discordance in expression of mitochondrial and cytosolic Cr kinases.
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DISCUSSION

In this study, we have shown that metastatic breast cancer cells and metastasized breast
tumors in patients expressed reduced levels of CKMT1, which resulted in decreased
intracellular levels of Cr and PCr in metastatic breast cancer cells. In probing the functional
role of CKMT1 in breast cancer, we observed that elevated CKMT1 expression levels
promoted cell viability, while silencing of cellular CKMT1 expression increased key
metastatic abilities of breast cancer cells, including cell migration and cell invasion.

These effects occurred through increased mitochondrial ROS, which, in turn, resulted in
upregulation of several adhesion molecules and markers of migratory and invasive cell
states. Our study thus points to two independent functions of CKMT1 in cancer: its
influence on ATP generation and its role in regulating ROS.

CKMT1 has been demonstrated previously to catalyze the interconversion of Cr and PCr
and is thus directly linked to energy homeostasis and cell viability.1” We observed that
overexpressing CKMT1 promoted breast cancer cell viability, which was corroborated
with loss-of-function experiments using siRNA-mediated knockdown. Meanwhile, we also
showed that competitive inhibition of Cr-PCr interconversion using cCr or Mito-CKi
decreased cell viability, which is in good agreement with a recent study in prostate
cancer.1* While one possibility is that this increase in viability is tied to an increased
capacity for ATP generation, our studies paint a more nuanced picture of CKMTZI’s role
in energy metabolism. In the context of CKMT1 overexpression, we detected increased
glycolytic gene expression levels and glycolytic metabolite concentrations in conjunction
with increased Cr and PCr levels. This is in agreement with a recent study on gastric
cancer.51 The increased ratio of metabolic products of glycolysis to those of the TCA
cycle and oxidative phosphorylation in both engineered CKMT1-overexpressing cell lines
suggests that elevated CKMT1 drives overall cellular metabolism toward glycolytic ATP
generation. However, we also noted that, following CKMT1 knockdown, no obvious
changes were detectable in patterns of ATP generation. One possibility is that CKMT1
overexpression results in a tendency to store phosphate in PCr, which could favor a bias
toward glycolysis in cell lines stably overexpressing CKMT1. \We also note that, in both
the setting of CKMT1 overexpression and knockdown, the expression of cytosolic CKB
increased or decreased, respectively, which could also help to compensate for changes
induced by perturbations in CKMT1 expression.

As a second role for CKMT1, the CKMT1 protein has been shown previously to locate to
the mitochondrial membrane, where it functions as negative regulator of the mitochondrial
membrane permeability transition pore (MPTP), whose opening can result in the release
of ROS and cell death.1® Consistent with this role, we observed that PCr supplementation
was insufficient to counteract the loss of cell viability following CKMT71 knockdown. We
hypothesize that the role of CKMT1 as gatekeeper of cellular ROS generation accounts
for the seemingly disparate roles of CKMT1 in breast cancer cell growth and metastasis.
Accordingly, it has been suggested that the metastatic potential of the triple-negative cell
line MDA-MB-231, which we show to have low endogenous CKMT1 expression, derives
from increased MPTP opening.52 We show that treating CKM 7.1 knockdown cells with
cyclosporin A, an MPTP inhibitor, resulted in decreased ROS, supporting the theory that
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CKMT1 downregulation indeed increases ROS, at least in part, by increasing transient/
flickering MPTP opening and vice versa. Moreover, degradative proteins and adhesion
markers implicated in metastasis®3—2° can be induced by ROS.%6:57 Here, we show that
ROS release following CKMT1 downregulation promotes cell-line-specific expression of
a wide array of molecules associated with migration, invasion, adhesion, and metastasis,
which further supports the theory that CKMT1 downregulation is likely required for

breast cancer cells to metastasize. Our data show that, while CKM 71 downregulation
significantly increased ROS, CKMT1 upregulation did not decrease ROS. While we
identified potential compensatory mechanisms responsible for the asymmetric effects of
CKMT1 overexpression and knockdown on ROS, a prior study suggested that CKMT1 may
prevent MPT through multiple avenues, even beyond those mediated by the classical MPT
pore complex.21 Overexpression of CKMT1 has been reported to render mitochondria of
HelLa cells resistant to subsequent depolarization and permeability transition pore opening,
but re-expression of CKMT1 in HeLa cells following depletion failed to rescue cells

from depolarization and MPT.2%:58 This could suggest that, regardless of its effect on
baseline levels of ROS in cells, CKMT1 overexpression might also impact metastasis by
preventing subsequent ROS release (for example, by p53¥-induced MPT or MMP-3/Racl
signaling),2%-%1 and a commitment to metastasis may require CKMT1 expression to exist
below a particular threshold.

The role of ROS in tumorigenesis and metastasis is complex, with metastasizing

cancer cells undergoing several changes in redox regulation during metastasis.®? Clinical
recommendations currently exist against the use of antioxidants during chemotherapy and
radiation therapy,53 and it has been speculated that antioxidant proteins, such as HMOX,
are critical to tumorigenesis.#2 On the other hand, cancer-associated fibroblasts have been
noted to promote cancer progression in response to elevated ROS levels.%4 Other studies
have observed decreases in tumor grade and in metastatic burden following targeted
alleviation of mitochondrial oxidative stress.5® A recent report by Cheung et al. describes a
model where the protein 7/GAR, which decreases ROS generation, is upregulated during
pancreatic tumor initiation but is subsequently downregulated to promote metastasis.*8
Similarly, the mitochondrially localized nucleoside diphosphate kinase D (NME4) has been
shown in HeL a cells to prevent metastasis, with loss of function triggering pro-metastatic
signaling alongside increased ROS.56 We envision a similar role of CKMT1 in breast cancer,
having observed that decreased CKMT1 expression activates ROS release.

Differential CKMT1 expression in cancer varies depending on the type of cancer. In prostate
cancer5” and oral squamous cell carcinoma,1® for example, CKMT1 downregulation has
been linked to tumor progression. However, in other cancers,58 including hepatocellular
carcinoma,18:69 Jeukemia,1? and lymphoma,® CKMT1 overexpression has been linked to
tumor growth and worsened clinical outcomes. A recent report by Kurmi et al. describes the
potential of competitive inhibition of CKMT1 by cCr as an effective adjuvant along with
chemotherapy in HER2-positive breast cancers.!! Here, we confirm their observations of
increased CKMT1 expression in primary breast cancers and, for the first time, probe the
role of CKMT1 in breast cancer metastasis. Indeed, we also show that breast cancer cell
lines are susceptible to CKMTI-targeted interventions, whether by competitive inhibition or
by gene knockdown. With regard to CKMT1 silencing in particular, our evidence relating
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CKMT1 to cellular ROS generation complicates this picture, as the success of therapies
that target CKMT1 may be sensitive to tumor type and stage, which may have varying
ROS responses. Additional studies /n vivo of the impact of different treatment schedules of
CKMT1 targeting combined with antioxidant therapies will shed light on possible avenues
of clinical translation of our findings.

Part of the value of identifying metabolic dependencies in cancer lies in the potential

of using aberrant metabolic profiles as biomarkers of cancer-related processes. We show
a very strong correspondence between CKMT1 expression and levels of Cr metabolites.
This raises the possibility of, in the future, using Cr metabolites as a noninvasive
surrogate marker of CKMT1 expression. This may be possible not only for the purpose
of monitoring of potential targeted therapy but also for other applications, including drug-
induced cardiotoxicity, which has been observed to accompany mitochondrial Cr kinase
downregulation.23:79-74 Fyture studies should further explore the application of various
imaging technologies, such as H or 31P MRS, or spectroscopic imaging, or chemical
exchange saturation transfer-magnetic resonance imaging,’® to monitor Cr metabolites /in
VIvo.

In conclusion, we have demonstrated that CKMT1 in breast cancer cells contributes to
positively regulating cell proliferation and negatively regulating migration and cell invasion
through ROS. Tight control of CKMT1 may be necessary in breast cancer cells as they
disseminate from the primary tumor and form distant metastases. Our mechanistic findings
in cell lines and patient samples motivate follow-up studies focused on developing Cr
metabolism-based imaging biomarkers to assess breast cancer progression and CKMT1, as
well as ROS-based treatment strategies for breast cancer.

Limitations of the study

While we have extensively probed the role of CKMT1 in breast cancer in this work,

many lines of questioning remain open. One of the limitations of this work is that these
mechanisms have yet to be investigated in an animal model; a human breast tumor
xenograft and metastasis study in mice is slated for the future. Although a targeted array

of effector proteins was studied, future work would additionally benefit from untargeted
high-throughput proteomics and transcriptomics studies of the effects of CKMT1 expression
and knockdown as well as more mechanistic studies of CKMT1 regulation. While CKMT1
was studied in isolation, the broader scope of Cr metabolic pathways in breast cancer is of
relevance as well. Given the complicated impacts of Cr, PCr, and Cr kinase inhibition on cell
viability, with only Cr improving viability and only PCr providing rescue in the setting of
Cr kinase inhibition, studies of Cr import and export (e.g., through SLC6A8) coupled with
isotope tracing studies would be of interest.
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STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should
be directed to and will be fulfilled by the lead contact, Kristine Glunde, Ph.D.
(kglunde@mri.jhu.edu).

Materials availability—This study did not generate new unique reagents.

Data and code availability

. The existing, publicly available data analyzed in this paper accession numbers is
available from sources listed in the key resources table. All other data reported in
this paper will be shared by the lead contact upon request.

. This paper does not report original code.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture—Two immortalized human mammary epithelial cell lines, i.e., MCF-12A
(female, ATCC Cat# CRL-10783, RRID:CVCL_3745) and MCF-10A (female, ATCC Cat#
CRL-10317, RRID:CVCL_0598), four human breast cancer cell lines, i.e., MCF-7 (female,
ATCC Cat# HTB-22, RRID:CVCL_0031), MDA-MB-468 (female, ATCC Cat# HTB-132,
RRID:CVCL_0419), SUM159 (female, BiolVT #SUM-159PT, RRID:CVCL_5423), and
MDA-MB-231 (female, ATCC Cat# CRM-HTB-26, RRID:CVCL_0062), and HEK293T
packaging cells (female, ATCC Cat# CRL-3216, RRID:CVCL_0063) were used in these
studies. All cell lines were obtained from the American Type Culture Collection (ATCC,
MD, USA), except SUM159 cells, which were obtained from BiolVVT. Cells were used

for no more than 10 passages after thawing. Cell lines tested negative for mycoplasma
using a PCR-based MycoDtect kit (Greiner Bio-One, Monroe, NC) and were authenticated
by STR profiling. These procedures are routinely done every six months. MCF-12A and
MCF-10A cells were cultured in Dulbecco’s Modified Eagle Medium-Ham’s F12 (DMEM-
F12, Corning) media supplemented with 10% fetal bovine serum (FBS, Sigma Aldrich,

St. Louis, MO), 500 ng/mL hydrocortisone, 20 ng/mL epidermal growth factor, 10 ng/mL
insulin, and 100 ng/mL cholera toxin. MCF-7 cells were cultured in Eagle’s minimum
essential medium (MEM, Gibco) with 10% FBS. MDA-MB-468 cells were cultured in
DMEM media supplemented with 10% FBS and 1% GlutaMAX (Invitrogen). SUM159
and HEK293T cells were cultured in DMEM media supplemented with 10% FBS. MDA-
MB-231 cells were cultured in RPMI-1640 medium (Gibco) supplemented with 10% FBS.
All cells were maintained in an incubator with a humidified atmosphere with 5% CO2 at
37°C.

Single-patient TMAs—The single-patient TMAs used in this study were constructed as
previously described.’879 Briefly, 17 terminal metastatic breast cancer patients, as described
in the supplemental information in Table S6, were enrolled in a rapid autopsy program.
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Written consent was obtained for each patient. Protocols were approved by the Institutional
Review Board and samples were de-identified prior to analysis. 17 single-patient TMAS
were assembled using biopsy cores from each patient’s archived primary tumor and from
normal tissue and multiple metastatic tumor sites obtained at autopsy.’879 Each TMA
consisted of 99 cores, each measuring 1.4 mm in diameter. To minimize sampling error, 4

to 5 cores per tumor sample were placed on each TMA. In total, these 17 TMAS combined
contained 153 control biopsies, 148 primary tumor biopsies, and 1399 metastasis core
biopsies derived from 49 different organs, with 8-16 metastatic sites per patient. Analysis of
these TMA s is described in detail below.

METHOD DETAILS

In silico analyses—Publicly available mRNA expression data were accessed through the
NCBI Gene Expression Omnibus (GEO) accession database. Expression of AGA7, GAMT,
CKM, CKB, CKMT1, CKMTZ, and SLC6A8were queried from GSE-69017, GSE-26338,
and GSE120753.34:3580 The corresponding heatmaps were generated using the Morpheus
platform (https://software.broadinstitute.org/morpheus/index.html). For GSE-120753, a
paired t test was performed to compare primary tumor versus metastatic samples for a given
mouse across the dataset.

Dual phase extraction and high-resolution TH MRS—Cells were harvested

by trypsinization with 0.25% Trypsin-EDTA Solution (Sigma-Aldrich) and trypan

blue was used to stain dead cells. Cell counts were obtained from viable

cells only. Water-soluble metabolites were extracted using the dual-phase extraction

method (methanol:chloroform:water = 1:1:1) as previously described.81-84 The aqueous
fractions were lyophilized and re-dissolved in DO containing 0.24 x 108 mol 3-
(trimethylsilyl)propionic-2,2,3,3,-d4 acid (TSP, Sigma-Aldrich) as chemical shift and
concentration reference for metabolite quantification. Fully relaxed high-resolution (HR) 1H
MRS was performed using a Bruker Avance-I11 750 MHz spectrometer equipped with a 5
mm TXI probe. Water-suppressed spectra were acquired using a 1D NOESY pulse sequence
with spectral-width 15,495.86 Hz, 64 K data points, relaxation delay 10 s, 64 scans, 8
dummy scans, receiver gain 40.3, and mixing time 80 ms. The signal integrals of the NCH3
signals of Cr and PCr at ~3.04 parts/million (ppm), as well as other metabolites as indicated
in the spectra were determined and normalized to cell number, which was counted prior

to extraction. Water soluble metabolites were quantified using TopSpin software (Bruker
BioSpin Corp, Billerica, MA). Each experiment was performed in triplicate to account for
biological variation.

Total RNA isolation and gRT-PCR—RNA was extracted using the RNAeasy

mini kit (Qiagen, Hilden, Germany) according to instructions provided by the

manufacturer as described previously.84 RNA concentration was measured using an Epoch
spectrophotometer system (Biotek, Winooski, VT) at its absorption maximum of 260 nm
gScript cDNA supermix (Quanta Biosciences, Gaithersburg, MD) was used to synthesize
cDNA, for quantitative real-time PCR by SYBR-green supermix (Quanta Biosciences).
Biorad CFX384 (Bio-Rad Laboratories, Hercules, CA) was used for thermal cycling. The
AACT method was used to quantify results, with HPRT used as housekeeping gene. Primers
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used for these experiments are listed in the supplemental information. Experiments were
performed using two technical replicates and four biological replicates.

Protein lysate preparation and Western blotting—Cells were washed with PBS
(Mediatech) prior to addition of RIPA buffer (9806, Cell Signaling Technology, Danvers,
MA) with protease/phosphatase inhibitor mix (P8340, Sigma-Aldrich). Cells were collected
and homogenized by sonication (10 times alternating 1 s pulse/1 s stop). Samples

were centrifuged at 13,000 RPM for 20 min at 4°C. Total protein concentration was
measured using a BCA Assay (Thermo-Fisher Scientific, Waltham, MA) according to the
manufacturer’s instructions. Protein was diluted in water and mixed 3:1 with 4x SDS-PAGE
loading buffer (Laemmli buffer with B-mercaptoethanol) for a final protein concentration of
2 pg/uL, and this mixture was heated at 95°C for 10 min to denature soluble proteins. Equal
amounts (10 pL) were loaded into a PAGE gel for separation via electrophoresis for 50 min
at 120 V and transferred to a PVDF membrane (45 min, 100 V). Membranes were blocked
with 5% skim milk in PBS (blocking buffer) for 1 h at room temperature before overnight
incubation in 4°C with primary antibody. The membrane was then washed three times with
PBST followed by incubation for 45 min at room temperature with horseradish peroxidase
conjugated secondary antibody, against the species in which the primary antibody was
raised, diluted 1:2000 in blocking buffer. The membrane was then washed three times in
PBST. Chemiluminescence was detected using a ChemiDoc imaging system (Bio-Rad)
following incubation using the SuperSignal West Pico chemiluminescent substrate kit
(Thermo-Fisher Scientific) according to the manufacturer’s protocol. Antibodies used
were: anti-CKMT1 (Santa Cruz Biotechnology Cat# sc-374080, RRID:AB_10917038;
1:50); anti-CKMT1 (Proteintech, Cat# 15346-1-AP, RRID:AB_2081073, 1:1000); anti-
MMP2 (Abcam, Cambridge, UK, Cat# ab9779, RRID:AB_10790084; 1:1000); anti-N-
Cadherin (Abcam, Cat# ab18203, RRID: AB_444317, 1:100); anti-ITGB4 (Abcam,

Cat# ab29042, RRID: AB_870635, 1:1500); anti-MAPK (ERK1/2) (Sigma-Aldrich,

Cat# M5670, RRID: AB_477216, 1:100); anti-Phospho-p44/42 MAPK (ERK1/2) (Cell
Signaling Technology, Cat# 9101S, RRID: AB_331646, 1:100); anti-p-actin (Cell Signaling
Technology, Cat# 3700, RRID:AB_2242334; 1:5000); anti-GAPDH (Abcam, Cat# ab9483,
RRID:AB_307273; 1:5000); anti-HSP60 (Abcam, Cat# ab46798, RRID:AB_881444,
1:1000); anti-vinculin (Abcam, Cat# ab129002, RRID:AB 11144129, 1:1000); anti-ITGB3
(CD61) (Santa Cruz Biotechnology, Cat# sc-46655, RRID:AB_627136, 1:100). All
uncropped Western blots are shown in Figure S16.

CKMT1 immunohistochemistry of single-patient tissue microarrays from
terminal metastatic breast cancer patients—5-pum thick tissue sections were
sectioned from each of the TMA blocks and mounted onto microscopy slides. Slides
subjected to hematoxylin and eosin (H&E) staining were submerged in ethanol solutions
(concentrations in order of 100%, 100%, 96%, 96%, 70%, 70%) for 3 min. They were then
washed for 3 min in water before being submerged in hematoxylin for 3 min. After being
rinsed with water, slides were submerged for 30 s in eosin. Slides were again washed with
water and then submerged in 100% ethanol for 1 min and 100% xylene for 5 min before
coverslips were mounted and slides were dried. Each slide was digitally scanned using a
Mirax slide scanner (Carl Zeiss AG, Jena, Germany) at 20x magnification. The resulting
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H&E images were annotated by a board-certified pathologist (see Figure S17) using
CaseViewer (v2.3, 3DHISTECH, Hungary). Pathological characteristics corresponding to
each annotation are shown below. Cancerous regions were used for comparison between
primary tumor and metastatic sites.

Annotation Description

Normal Non-neoplastic, native to the anatomic site

Stroma Non-neoplastic hematopoietic cells, fibroblasts, and blood vessels native to the anatomic
site

Cancer-associated Stroma  Desmoplastic, fibrous, or hyalinized extracellular matrix, fibroblasts, and blood vessels
Cancer Glandular pattern carcinoma, neoplastic.

Cancer mixed with stroma  Glandular pattern carcinoma, neoplastic tissue alongside desmoplastic, fibrous, or
hyalinized extracellular matrix, fibroblasts, and blood vessels

Necrosis Cell injury

Immunostaining was performed at the Oncology Tissue Services Core of Johns Hopkins
University. Immunostaining for CKMT1 was performed on formalin-fixed, paraffin
embedded TMA sections. Briefly, following dewaxing and rehydration, slides were
immersed in 1% Tween 20, then heat-induced antigen retrieval was performed in a

steamer using Antigen Unmasking Buffer (catalog# H-3300, Vector Labs, Newark, CA)

for 25 min. Slides were rinsed in PBST, and endogenous peroxidase and phosphatase was
blocked (catalog# S2003, Agilent Dako, Santa Clara, CA) and sections were then incubated
with primary antibody; anti- CKMT1 (1:200 dilution; catalog# 15346-1-AP, PTGLab,
Rosemont, IL) for 45 min at room temperature. The primary antibodies were detected by 30-
min incubation with horseradish peroxidase (HRP)-labeled anti-rabbit secondary antibody
(catalog# PV6119, Leica Microsystems) followed by detection with 3,3’ -Diaminobenzidine
(catalog# D4293, Sigma-Aldrich), counterstaining with Mayer’s hematoxylin, dehydration,
and mounting. Each slide was digitally scanned using an EVOS M5000 Cell Imaging
System (Thermo-Fisher Scientific) at 20x magnification. Expression levels were evaluated
based on area of tumor cells and staining intensity, as quantified by ImageJ (0-255 scale).
Briefly, images of each TMA were converted to 8-bit images. Regions of interest containing
tumor cells, as annotated, were assessed using the ImageJ ‘Measure’ function. Intensities
were averaged across tumor-bearing regions within each TMA and then normalized to the
average staining intensity calculated for normal breast tissue.

Constitutive CKMT1 overexpression—HEK293T cells were transfected with pLX304-
CKMT1 (purchased via the Horizon CCSB-Broad Lentiviral Expression Collection,
RRID:Addgene_25890, Watertown, MA) or pLX304-empty vector, along with the AR8.2
packaging vector (from Addgene) and vesicular stomatitis virus (VSVG) envelope vector
using Lipofectamine 3000 (ThermoFisher Scientific).”®77 Virions from the HEK293T
culture media were concentrated 48 h after transfection. Concentrated lentiviral suspensions
were used to transfect MDA-MB-231 and SUM159 cells in the presence of 3 pg/mL
polybrene (Sigma-Aldrich). The transfection was repeated three times. Drug selection was
performed using blasticidin (5 pg/mL) to isolate successfully transduced cells.
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siRNA transfection—Dharmacon (Lafayette, CO) ON-TARGETplus CKMT1
SMARTPool siRNAs (#L-006708-01-0005) were purchased and used for CKMT1 silencing
according to manufacturer’s instructions. Briefly, cells were plated in 6-well plates at a
density of 5x10° cells and treated with SiRNA at a concentration of 25 nM. As a control,
cells were treated with non-targeting siRNA (#D-001210-01, Dharmacon). Effective
knockdown of CKMT1 was assessed using qRT-PCR and Western blotting.

Functional annotation and co-expression analysis—RNA-sequencing data from
two transcriptomic datasets: Molecular Taxonomy of Breast Cancer International
Consortium (METABRIC) and The Cancer Genome Atlas (TCGA) were evaluated using

the co-expression function available via cBioPortal. The top 1000 genes most positively

and most negatively co-expressed with CKMT1 as measured by Pearson’s correlation
coefficient from each dataset were compared, and functional annotation software DAVID
(RRID:SCR_003033)85:86 was used to perform functional annotation of gene-sets comprised
by the overlap between the top values from each dataset, considering a Benjamini-Hochberg
adjusted p-value <0.05 and a false discovery rate (FDR) < 0.05 as significant.

Cell migration and invasion assays—Cell migration and invasion assays were
performed as described previously.84 Briefly, migration assays were conducted using
Corning transwell inserts with 8 pm pores, which were loaded with 100 pL of serum-free
medium containing 2.5x10° cells. 600 pL of media containing 3% FBS was added to

the lower chamber in 24-well plates. After 16 h of incubation, transwell inserts were
removed, cells attached to the tops of the inserts were removed using cotton swabs, and

cells attached to the bottom of the inserts were fixed with 4% paraformaldehyde (PFA, Santa
Cruz Biotechnology). These were then stained with 1% crystal violet before being imaged
at 100x using a Nikon TS100 inverted microscope with a charge-coupled device camera
(Tokyo, Japan). Cell numbers in 3 different fields of view per transwell insert were counted
using ImageJ’s cell counter plugin. Invasion assays were performed using the same protocol,
however, transwell inserts were coated with 40 uL of Matrigel (Gibco) and incubated for 30
min prior to addition of cells.

Cell adhesion assay—Matrigel-coated (30 uL per well) 96-well plates were coated for
12 h at 4°C. Cells were starved of serum for 8 h prior to being detached with 0.25%
trypsin-EDTA solution (Thermo-Fisher Scientific). Cells were then resuspended at 2x10°
cells/mL in medium with 0.1% BSA (Invitrogen). Cell suspension (100 pL) was added

to wells of the Matrigel-coated plate, which was subsequently incubated at 37°C for 20
min. Serum-free media (100 pL) was used to wash off non-adherent cells. Media (100 pL)
supplemented with 10% FBS was then added, and cells were incubated at 37°C for 4 h.
WST-1 substrate (10 pL) (Sigma-Aldrich) was added to each well and incubated for an
additional 2 h. Absorbance was measured at 450 nm using a Beckman Coulter DU 730
UV/Vis Spectrophotometer to quantify adherent cells.

Reactive oxygen species measurement—DCFDA/H2DCFDA (2°,7’-
dichlorofluorescin diacetate) assay was performed according to manufacturer’s instructions
(Abcam, #abh113851). Briefly, a cell suspension containing 2.5x104 cells in 100 uL complete
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media was added to wells of a 96-well plate and incubated at 37°C overnight. For
Cyclosporin A recovery assays, cells were incubated for 24 h in media supplemented with
Cyclosporin A, 99+% (Thermo Scientific Chemicals, Cat# J63191.06, CAS# 59865-13-3,
ethanol vehicle). MCF-7 cells were treated with 10 uM Cyclosporin A, and MCF-10A cells
treated with 20 uM Cyclosporin A. Cells were stained with 25 pM DCFDA for 45 min at
37°C before fluorescence was measured at 485/535nm (excitation/emission). Measurements
shown in Figures 4A and S9A were taken with an Agilent BioTek Epoch Microplate
Spectrophotometer, and measurements shown in Figures S9B and S9C were acquired with a
Molecular Devices SpectraMax iD3 Multi-Mode Microplate Reader.

WST-1 cell viability assay—Cell suspension containing 4x103 cells in 100 pL complete
media were added to wells of a 96-well plate and incubated at 37°C for 4 h. 10 °L of
WST-1 substrate (Sigma-Aldrich) was added to each well, and incubation was continued for
an additional 3 h. Absorbance was measured at 450 nm using a Beckman Coulter DU 730
UV/Vis Spectrophotometer to quantify adherent cells.

Seahorse analysis—Cell suspension in 100 uL complete media was added to wells

of a 96-well cartridge and incubated at37°C 5% CO» overnight. To achieve uniform cell
density, the number of cells plated was optimized for each cell line: 4x10* cells/well
MCF-10A or MCF-12A, 3x10* cells/well MCF-7, or 1.5x10* cells/well MDA-MB-468,
SUM159, or MDA-MB-231. After 24 h, media was replaced with 180 uL Seahorse XF
RPMI assay medium (media containing 10 mM glucose used for mitochondrial stress

test, glucose-free medium used for glycolysis stress test) and incubated at 37°C for 1

h in a non-CO, incubator. Glycolysis or mitochondrial stress tests were then performed
per the manufacturer’s instructions on an Agilent Seahorse XFe24 Analyzer (Agilent,
Savage, MD). Briefly, mitochondrial stress tests were performed by acquiring baseline
measurements followed by sequential injections of 1 uM oligomycin, 1 uM carbonyl
cyanide-4 (trifluoromethoxy) phenylhydrazone (FCCP), and a mixture of 0.5 uM rotenone
with 0.5 uM antimycin-A. Glycolysis stress tests wereperformed by obtaining baseline
measurements followed by sequential injections of 10 mM glucose, 1 uM oligomycin, and
50 mM 2-deoxyglucose. Three baseline measurements were acquired in 18 min, and each
injection was followed by 3 measurements in 18 min. All equipment, compounds, and media
were purchased from Agilent. Each experiment had 6 replicate wells per condition, and all
experiments were repeated in triplicate. Statistical analysis was performed using two-way
ANOVA after normalizing all measurements by cell number.

QUANTIFICATION AND STATISTICAL ANALYSIS

Unless otherwise described, experiments were performed with three biological replicates,
with plate-based assays performed with three technical replicates. Data were processed in
Microsoft Office Excel (Microsoft). Unpaired two-tailed student’s t-test assuming unequal
variance was used, and statistically significant results were defined as those with a p-

value <0.05. Data are presented as mean + standard deviation divided by square root of
sample size (standard error), unless otherwise indicated. Seahorse data were analyzed using
GraphPad Prism, and significance was determined using a two-way ANOVA test.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

CKMT1 has context-dependent roles in primary breast tumor growth and
metastasis

CKMT1 upregulation promotes breast cancer cell viability and primary tumor
growth

CKMT1 downregulation elevates ROS levels, which increases cell migration
and invasion

CKMT1 knockdown-induced ROS release upregulates adhesion and
degradative factors
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Figure 1. Metastatic breast cancer cells have decreased levels of intracellular Cr metabolites
(A) Schematic describing Cr synthesis and metabolism.

(B) Levels of intracellular Cr, PCr, and tCr (Cr+PCr), as detected by 'H HR MRS in
nonmalignant breast epithelial cell lines (MCF-10A and MCF-12A) and breast cancer

cell lines of increasing aggressiveness and metastatic potential; 7= 3 for each cell line.
Breast cancer aggressiveness increases from left to right as in MCF-10A, MCF-12A
(nonmalignant) < MCF-7 (malignant, nonmetastatic) < MDA-MB-468, SUM159, MDA.-
MB-231 (metastatic). Significance was determined using a two-tailed t test assuming
unequal variance.

(C) Heatmap generated from publicly available microarray dataset GSE69017, which shows
the mRNA expression levels of Cr synthesis, transport, and metabolism genes. CKMT1
expression is downregulated in metastatic compared to nonmetastatic breast cell lines.

(D and E) RT-qPCR (D) and western blot (E) results showing downregulation of CKMT1
expression in malignant and metastatic breast cancer cell lines; 7= 3 biological replicates,
with 2 technical replicates for RT-gPCR. Significance was determined two-tailed t test
assuming unequal variance.

(F) Oxygen consumption rates from the basal respiration, maximal respiration, and spare
respiratory capacity phases of the Seahorse mitochondrial stress test, which approximate
baseline, maximal, and reserve mitochondrial function.

(G) Extracellular acidification rates from the glycolytic flux, glycolytic capacity, and
glycolytic reserve phases of the Seahorse glycolytic stress test, which approximate baseline,
maximal, and reserve capacity of glycolysis.

In (F) and (G) n = 3 biological replicates, with 6 technical replicates each, and significance
was determined using a two-way ANOVA test. For all data, error bars represent standard
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error. * denotes p < 0.05 with respect to MCF-12A, A denotes p < 0.05 with respect to
MCF-10A, and V denotes p < 0.05 with respect to MCF-7.
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Figure 2. In patients, CKMT1 is upregulated in primary breast tumors but downregulated in
secondary metastasized breast tumors

(A) Volcano plot showing enriched sets of genes co-expressed with CKMT1 in the TCGA
and METABRIC datasets. Significant enrichment was observed for gene sets associated with
adhesion and migration among the genes whose expression in patients negatively correlated
with expression levels of CKMT1. Significant enrichment was also observed for gene sets
associated with proliferation among genes whose expression positively correlated with that
of CKMT1.

(B) Representative microscopic CKMT1 IHC images showing differences in CKMT1 levels
in normal breast tissue, primary tumors, and lymph node, lung, liver, and brain metastases
from the same patient. Scale bars correspond to 100 pum.

(C) Quantification of averaged CKMT1 staining intensity in primary and metastasized breast
tumors from the entire cohort of all 17 patients in this study. Individual data points are
averages across TMA cores per tumor site for each of the 17 patients, and box-and-whisker
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plots denote mean * interquartile range (IQR) with the underlying distribution shown. *p

< 0.05 compared to primary tumor, ###p < 0.001 compared to normal breast, and ####p <
0.0001 compared to normal breast by a two-tailed t test assuming unequal variance.

(D) Differences in CKMT1 expression between mouse primary tumor and lung metastases
from GSE120753. Black points are connected by a line to represent primary tumor and lung
metastasis samples from the same mouse. Additional gray points correspond to additional
lung metastasis samples without an associated primary tumor sample from this dataset. *p <
0.05 compared to primary tumor by a two-tailed paired t test.

(E) Zscores of CKMT1 mRNA expression among normal breast tissue, primary tumors,
and lymph node, brain, lung, and liver metastases from GSE-26338. Box-and-whisker plots
denote mean £ IQR with the underlying distribution shown. *p < 0.05 compared to primary
tumor when all the metastatic sites are grouped by a two-tailed t test.
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Figure 3. CKMT1 expression is conducive to proliferation but decreases key metastatic abilities in

breast cancer cells

(A) Western blots showing constitutive overexpression of CKMT1 in MDA-MB-231 and
SUM159 cells alongside bar graphs illustrating increased Cr and PCr levels in CKMT1-
overexpressing (CKMT1) compared to the corresponding empty vector (EV) control cells; n

=3

(B and C) Migration and invasion in (B) MDA-MB-231 cells and (C) SUM159 cells
following genetically engineered overexpression of CKMT1, showing decreased migration
and invasion in CKMT1-overexpressing (CKMT1) compared to the corresponding EV cells;
n= 3. Scale bars correspond to 100 pum.
(D) Viability assay of MDA-MB-231 and SUM159 cells reveals increased cell viability/
proliferation of CKMT1-overexpressing versus EV cells; n= 3 with three technical
replicates.
(E) Western blots showing siRNA-mediated knockdown of CKM71 in MCF-7 and
MCF-10A cells, with bar graphs confirming decreased CKM71 mRNA expression in
knockdown (siCKMT?1) cells compared to the corresponding siRNA control (Ctrl) cells;

n=3.

(F and G) Increased migration and invasion in MCF-7 cells (F) and increased migration in
MCF-10A cells (G) following CKMT1 knockdown (siCKMT1). While significant increases
in migration were observed in MCF-10A cells, these did not invade at baseline; 7= 3. Scale
bars correspond to 100 pum.
(H) Western blots showing increased expression of the invasion-related proteins /7GS3in
MCEF-7 cells and MMPZ, ITGB4, and N-Cadherinin MCF-10A cells following CKMT1
knockdown (siCKMT1) compared to the corresponding siRNA control (Ctrl) cells. Western
blots are representative of multiple biological replicates; n= 3 for ITGB3, 7= 4 for
N-Cadherin, n=5 for MMP2 and ITGp4.
() Viability assay of MCF-7 and MCF-10A cells shows decreased cell viability/proliferation
in CKMT1knockdown (siCKMT1) versus the corresponding siRNA control (Ctrl) cells; n=
3 with three technical replicates.
*p < 0.05 with respect to EV (A-D) or Ctrl (E-I), and significance was determined using a
two-tailed t test assuming unequal variance. All bar graphs represent mean + standard error.
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Figure 4. Migration and invasion potentiated by CKMT1 downregulation depends on
mitochondrial reactive oxygen species (ROS) release

(A) Bar graph showing increases in ROS levels (relative to the corresponding siRNA control
(Ctrl) cells) in MCF-7 and MCF-10A cells following CKMT1 knockdown (siCKMT1) as
well as decreased ROS levels following treatment with 1 uM of the mitochondrion-specific
antioxidant Mito-TEMPO; n= 3 with three technical replicates.

(B) Migration and invasion assay results showing that increased migration and invasion
following CKMT1 knockdown are reversed following 1 uM Mito-TEMPO treatment; 7= 3
for bar graphs presented. Scale bars correspond to 100 pm.

(C) Western blots showing expression of metastasis-related proteins phosphorylated
extracellular signal-regulated kinase (p-ERK)and ERK in MCF-7 and MMPZ, ITGf4, and
N-Cadherinin MCF-10A cells following CKMT1 knockdown in the presence and absence
of 1, 5, and 10 uM Mito-TEMPO. MMPZ, TG4, and N-Cadherin are the same blots that
are shown cropped in Figure 3H.

(D) Bar graphs displaying quantified protein levels, normalized to the intensity of the
corresponding loading control shown (GAPDH, Vinculin, or HSP60). Data are presented as
fold change with respect to Ctrl samples treated with non-targeting siRNA, with error bars
representing standard error. Horizontal lines represent y = 1 for Ctrl sample levels.

For (C) and (D), n= 3 for CKMT1and /ITGB3, n= 4 for N-Cadherin, and n=5 for MMPZ,
ITGp4, and p-ERK. *p < 0.05 with respect to siControl and #p < 0.05 with respect to
SiICKMT1 cells without Mito-TEMPO by a two-tailed t test assuming unequal variance.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

anti-CKMTI

anti-CKMTI

anti-MMP2

anti-N-Cadherin

anti-ITGB4

anti-MAPK

anti-Phospho-p44/42 MAPK (ERK1/2)
anti-p-actin

anti-GAPDH

anti-HSP60

anti-vinculin

anti-ITGB3 (CD61)

(HRP)-labeled anti-rabbit secondary antibody
(HRP)-labeled anti-mouse secondary antibody

(HRP)-labeled anti-rabbit secondary antibody

Santa Cruz Biotechnology
Proteintech

Abcam

Abcam

Abcam

Sigma-Aldrich

Cell Signaling Technology
Cell Signaling Technology
Abcam

Abcam

Abcam

Santa Cruz Biotechnology
Cell Signaling Technology
Cell Signaling Technology

Leica Microsystems

Cat# sc-374080; RRID:AB_10917038
Cat# 15346-1-AP; RRID:AB_2081073
Cat# ab9779; RRID:AB_10790084
Cat# ab18203; RRID: AB_444317
Cat# ab29042; RRID: AB_870635
Cat# M5670; RRID: AB_477216
Cat# 9101S; RRID: AB_331646

Cat# 3700; RRID:AB_2242334

Cat# ab9483; RRID:AB_307273
Cat# ab46798; RRID:AB_881444
Cat# ab129002; RRID:AB_11144129
Cat# sc-46655; RRID:AB_627136
Cat# 7074S; RRID:AB_2099233
Cat# 7076S; RRID:AB_330924

Cat# #PV6119; RRID:AB_1307590

Bacterial and virus strains

E. coli DH5a

Horizon Biosciences

Cat# OHS6085- 213573003

Chemicals, peptides, and recombinant proteins

Mito-TEMPO
Hydrocortisone
Human insulin, recombinant (yeast)

Human epidermal growth factor

Cholera toxin, Vibrio cholerae, Type Inaba 569B

Trypsin-EDTA 0.25%

3-(Trimethylsilyl)propionic-2,2,3,3-d4 acid sodium salt

2-mercaptoethanol

Tween 20
3,3’-Diaminobenzidine
Paraformaldehyde

Crystal violet

Bovine serum albumin (BSA)
Cyclosporin A

Mito-CKi (CKi-26)

Sigma-Aldrich
Sigma-Aldrich
Roche
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Gibco
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Thermo Scientific Chemicals
Mito-CKi was a gift

from Edward Chouchani
(Darabedian et al.)38

Cat# SML0737; CAS# 1334850-99-5
Cat# 1316004; CAS #50-23-7

Cat# 11376497001; CAS# 11061-68-0
Cat# E9644; CAS# 62253-63-8

Cat# 227036; CAS# 9012-63-9

Cat# T4049; MDL# MFCD00130286
Cat# 269913; CAS# 24493-21-8
Cat# 21985-023; CAS# 60-24-2

Cat# P7949; CAS# 9005-64-5

Cat# D4293; CAS# 91-95-2

Cat# P6148; CAS# 30525-89-4

Cat# C0775; CAS# 548-62-9

Cat# A7906; CAS# 9048-46-8

Cat# J63191.06; CAS #59865-13-3
N/A

Critical commercial assays

RNEasy Mini Kit
Pierce BCA Assay Kit

SuperSignal West Pico chemiluminescent substrate kit

Qiagen
ThermoFisher Scientific

ThermoFisher Scientific

Cat# 74104
Cat# 23227
Cat# 34577
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REAGENT or RESOURCE SOURCE IDENTIFIER
Peroxidase and Alkaline Phosphatase Blocking Reagent ~ Agilent Cat# S200389-2
DCFDA/H2DCFDA assay Abcam Cat# ab113851
Seahorse XF Cell Mito Stress Test Kit Agilent Cat# 103015-100
Seahorse XF Glycolysis Stress Test Kit Agilent Cat# 103020-100

Lipofectamine 3000

ThermoFisher Scientific

Cat# L3000001

Deposited data

METABRIC

RNA sequencing data (TCGA)

Publicly-Available Transcriptomic Datasets

cBioPortal

The Cancer Genome Atlas

NCBI Gene Expression
Omnibus

https://www.cbioportal.org/study/summary?
id=brca_metabric

RRID:SCR_003193

GSE-69017
GSE-26338
GSE-120753

Experimental models: Cell lines

MCF-12A ATCC Cat# CRL-10783; RRID:CVCL_3745
MCF-10A ATCC Cat# CRL-10317; RRID:CVCL_0598
MCF-7 ATCC Cat# HTB-22; RRID:CVCL_0031
MDA-MB-468 ATCC Cat# HTB-132; RRID:CVCL_0419
SUM159 BiolVT Cat# SUM-159PT; RRID:CVCL_5423
MDA-MB-231 ATCC Cat# CRM-HTB-26; RRID:CVCL_0062
HEK293T ATCC Cat# CRL-3216; RRID:CVCL_0063
Oligonucleotides

ON-TARGETplus CKMT1B SMARTPool siRNAs Dharmacon Cat#L.-006708-01-0005

siGENOME Non-targeting SiRNA #1 Dharmacon Cat# D-001210-01-05

qRT-PCR primers

Integrated DNA Technologies

See Table S5 in supplemental information for all
sequences

Recombinant DNA

pLX304-CKMT1

pCMV delta R8.2

PCMV-VSV-G

Horizon Discovery (Yang et
a|')76

pCMV delta R8.2 was a gift
from Didier Trono

(Stewart at al)””

CCSB-Broad LentiORF - CKMT1B Clone:
Cat#OHS6085-213573003; pLX04 backbone:
Cat# 25890; RRID:Addgene_25890

Addgene, Cat# 12263; RRID:Addgene_12263

Addgene, Cat# 8454; RRID:Addgene_8454

Software and algorithms

DAVID NIH RRID:SCR_003033
Other

DMEM/F-12 50/50 Corning Cat# 15-090-CV
MEM Gibco Cat# 11095080
DMEM, high glucose Gibco Cat# 11965092
RPMI 1640 medium Gibco Cat# 11875119
FBS Corning Cat# 35-011-CV
4-15% Mini-PROTEAN TGX Precast Protein Gels Bio-rad Cat# 4561083
7.5% Mini-PROTEAN TGX Precast Protein Gels Bio-rad Cat# 4561026

6.5 mm transwell, 8.0 um pore polycarbonate membrane  Corning Cat# 3422

insert

cDNA supermix

Quanta Biosciences

Cat# 95048-025
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

SYBR green supermix
RIPA buffer

Protease inhibitor cocktail
4x Laemmli sample buffer
Antigen unmasking buffer
Polybrene

Matrigel

WST-1

Quanta Biosciences

Cell Signaling Technology
Sigma-Aldrich

Bio-Rad

Vector Laboratories
Sigma-Aldrich

Corning

Sigma-Aldrich

Cat# 95053-500

Cat# 9806

Cat# P8340; MDL# MFCDO00677817
Cat# 1610747

Cat# H-3300-250

Cat# TR-1003-G

Cat# 354234

Cat# 5015944001
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