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Lysyl oxidase (LOX) and LOX-like (LOXL) proteins are copper-
dependent metalloenzymes with well-documented roles in tumor
metastasis and fibrotic diseases. The mechanism by which copper
is delivered to these enzymes is poorly understood. In this study,
we demonstrate that the copper transporter ATP7A is necessary
for the activity of LOX and LOXL enzymes. Silencing of ATP7A
inhibited LOX activity in the 4T1 mammary carcinoma cell line,
resulting in a loss of LOX-dependent mechanisms of metastasis,
including the phosphorylation of focal adhesion kinase and myeloid
cell recruitment to the lungs, in an orthotopic mouse model of
breast cancer. ATP7A silencing was also found to attenuate LOX
activity and metastasis of Lewis lung carcinoma cells in mice. Meta-
analysis of breast cancer patients found that high ATP7A expression
was significantly correlated with reduced survival. Taken together,
these results identify ATP7A as a therapeutic target for blocking
LOX- and LOXL-dependent malignancies.
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Copper is an essential micronutrient required as a catalytic
cofactor for several metalloenzymes, including those involved

in cancer-promoting activities (1). Copper-dependent enzymes
with roles in tumor growth or metastasis include mitogen-activated
kinase 1 (2, 3), superoxide dismutase 1 (4), cytochrome c oxidase
(5), and members of lysyl oxidase (LOX) family (6–8). The dis-
covery that copper concentrations in serum and tumors are ele-
vated in cancer patients and are correlated with disease severity
has prompted speculation that copper delivery to oncogenic en-
zymes may be rate-limiting for tumor growth and metastasis (9–
11). This idea has been supported by reports that copper chelation
reduces tumor growth and malignancy in animal models of cancer
(12, 13). Clinical studies indicate that copper chelation prolongs
the survival of patients with late-stage breast cancer (14) and
kidney cancer (15). These studies raise the possibility that blocking
specific steps in the delivery of copper to oncogenic metalloenzymes
may provide an approach to treating cancer.
LOX is a secreted copper-dependent amine oxidase that plays

critical roles in the development of connective tissue and
remodeling of the extracellular matrix by catalyzing the cross-
linking of collagen and elastin (16). In addition to LOX, several
LOX-like enzymes (LOXL1–4) have been identified that share a
conserved catalytic copper-binding domain. To date, functional
roles for LOX or LOXL enzymes have been documented in
breast, colorectal, prostate, gastric, hepatic, pancreatic, and head
and neck cancers, as well as in cancers of the skin, including
melanoma (6, 17–19). LOX has been shown to promote tumor
cell migration and adhesion via the activation of focal adhesion
kinase (FAK1) (20–22). In addition, LOX and LOXL2 activity is
required to facilitate the recruitment of myeloid cells to meta-
static sites, creating a favorable environment for the subsequent
invasion and growth of tumor cells (18, 19, 23).
The importance of LOX and LOXL proteins in cancer has led

to intensive efforts to develop inhibitors of these enzymes as
potential anticancer therapies. Since all LOX family members
share a functional requirement for copper, we surmised that

inhibiting copper incorporation into these enzymes may be an
effective strategy to inhibit LOX-dependent metastasis. How-
ever, the mechanism of copper incorporation into LOX and
LOXL proteins is poorly understood. The copper-binding cata-
lytic domain of each LOX family member is lumenally oriented
(extracytoplasmic), suggesting that copper insertion occurs via a
conserved mechanism during the biosynthesis of these enzymes
en route through the secretory pathway. Previous studies have
shown that the Golgi-localized copper transporter ATP7A de-
livers copper to tyrosinase, a metalloenzyme with an extrac-
ytoplasmic copper-binding catalytic domain (24). In addition,
LOX activity is reduced in Menkes disease fibroblasts, which
contain mutations in the ATP7A gene (25). However, the extent
to which ATP7A is required for the activity of different members
of the LOX family of enzymes and, by extension, the importance
of ATP7A in LOX-mediated pathologies remain unknown.
Here we demonstrate that ATP7A is required for the activity

of multiple members of the LOX family, and that silencing
ATP7A in two different cancer cell lines suppresses tumorigen-
esis and metastasis in mice. Importantly, elevated ATP7A ex-
pression was found to be significantly correlated with reduced
survival in breast cancer patients, suggesting a role for ATP7A in
human cancer. These studies identify ATP7A as a target for
inhibiting LOX-dependent malignancies.

Results
ATP7A Is Necessary and Sufficient for Copper-Dependent Activity of
LOX Family Members. The 4T1 cells were chosen as a model of
metastatic human breast cancer because when orthotopically
implanted into the mammary glands of mice, these cells readily
metastasize to the lung in a LOX-dependent manner (7, 23, 26).
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We found that all known LOX family members were expressed
in 4T1 cells under standard culture conditions (SI Appendix, Fig.
S1A), and that 4T1 tumors grown orthotopically in the mammary
fat pads of BALB/c mice expressed significantly higher levels of
Lox, Loxl2, Loxl3, and Loxl4 mRNAs relative to the adjacent
stromal tissue (SI Appendix, Fig. S1B).
To investigate the requirement for ATP7A in LOX activity, we

silenced Atp7a gene expression in murine 4T1 breast carcinoma
cells using a CRISPR-Cas9 approach. Immunoblot analysis
confirmed the absence of ATP7A protein in two independent
CRISPR clones, C3/ATP7A− and C8/ATP7A− (Fig. 1A). We
used immunofluorescence microscopy to verify that ATP7A was
localized to the Golgi apparatus in wild-type 4T1 cells (4T1-
WT), a site where ATP7A is thought to metallate nascent
metalloenzymes within the secretory pathway (24, 27). ATP7A was
localized to the perinuclear region in 4T1-WT cells (Fig. 1B), which

overlapped with antibodies against the Golgi marker protein,
GM130 (SI Appendix, Fig. S2A). As expected, ATP7A was not
detected in C3/ATP7A− and C8/ATP7A− cells by immunofluo-
rescence microscopy (Fig. 1B). Consistent with the known role
of ATP7A in copper export (28), copper concentrations were
elevated in C3/ATP7A− and C8/ATP7A− cells compared with
4T1-WT cells (SI Appendix, Fig. S2B). However, the growth rates
of C3/ATP7A− and C8/ATP7A− cells were not significantly dif-
ferent from the growth rate of 4T1-WT cells (SI Appendix, Fig.
S2C), suggesting that the elevated copper concentrations were
not cytotoxic. LOX activity was detected in the conditioned media
of 4T1-WT cells and was diminished by pretreating these cells
with β-aminopropionitrile (BAPN), a specific inhibitor of the
LOX family of enzymes (29) (Fig. 1C). In contrast, LOX activity
was virtually undetectable in the media of both C3/ATP7A− and
C8/ATP7A− cells (Fig. 1C), suggesting that LOX activity is de-
pendent on ATP7A expression.
These observations were not due to off-target effects of CRISPR-

Cas9, because reduced LOX activity was also observed in 4T1 cells
in which ATP7A was silenced using an RNAi approach (SI Ap-
pendix, Fig. S3 A and B). Furthermore, LOX activity was restored to
wild-type levels in C3/ATP7A− cells transfected with a human ATP7A
expression plasmid (Fig. 1D). LOX activity in C3/ATP7A− cells
could be restored by the addition of supraphysiological copper
concentrations to the culture medium (Fig. 1E). These observa-
tions suggest that the reduction in LOX activity in the absence
of ATP7A is due to a disruption of copper delivery to LOX.
While these data support the hypothesis that ATP7A mediates

copper delivery to LOX, a potential caveat to this conclusion is
that commercial LOX assays, like the one used in our study, do
not distinguish between the activities of different LOX family
members. Thus, it was unclear from our results which of the LOX
members’ activities might be dependent on ATP7A. To investigate
this further, we performed LOX activity assays on the conditioned
media of 4T1-WT and C3/ATP7A− cells transfected with plas-
mids encoding three different LOX family members—LOX,
LOXL1 and LOXL2—together with a GFP expression plasmid to
control for transfection efficiency. After 24 h, the media were
collected, and LOX activity was measured as a function of cellular
GFP expression. For 4T1-WT cells transfected with each LOX
plasmid, a significant increase in LOX activity was detected in the
media relative to cells transfected with the GFP vector alone (Fig.
1F). In contrast, none of the LOX plasmids produced a significant
increase in LOX activity when transfected into C3/ATP7A− cells
(Fig. 1F). These observations suggest that ATP7A is necessary and
sufficient to metallate multiple members of the LOX family.

ATP7A Deletion in 4T1 Breast Cancer Cells Attenuates Tumor Growth
and Metastasis in Mice. Because several members of the LOX
family are known to promote tumor metastasis, we hypothesized
that a loss of ATP7A might reduce metastasis of 4T1 cells. To test
this hypothesis, 4T1-WT and the ATP7A-null cell lines were in-
jected into the inguinal mammary fat pads of female BALB/c mice,
and primary tumor growth and metastatic lung nodules were
quantified after 4 wk. Both the C3/ATP7A− and C8/ATP7A− tu-
mors were significantly smaller than wild-type tumors (Fig. 2A).
Consistent with our findings in cultured cells, tumors derived from
C3/ATP7A− and C8/ATP7A− cells accumulated significantly higher
levels of copper compared with tumors derived from 4T1-WT cells
(Fig. 2B). Importantly, there were markedly fewer metastatic lung
nodules in mice bearing C3/ATP7A− and C8/ATP7A− tumors
compared with mice bearing wild-type tumors (Fig. 2 C and D).
A similar reduction in both primary tumor growth and metastasis
was observed for shRNA-ATP7A cells in which ATP7A was si-
lenced using RNAi (SI Appendix, Fig. S3 C–F). We considered the
possibility that the reduced metastatic potential of tumors lacking
ATP7Amight be attributable to a reduction in primary tumor size.
However, the number of metastatic lung nodules remained
markedly lower even after the ATP7A-silenced tumors were
permitted to grow until they reached the same size as wild-type
tumors (SI Appendix, Fig. S4).

Fig. 1. ATP7A is necessary and sufficient for the copper-dependent activity
of LOX family members. (A) Immunoblot analysis of ATP7A in 4T1-WT cells
and 4T1 clones subjected to CRISPR/Cas9 targeting of ATP7A (C3/ATP7A−
and C8/ATP7A− cells). Tubulin was detected as a loading control. (B) Im-
munofluorescence analysis of ATP7A protein in 4T1-WT, C3/ATP7A− and C8/
ATP7A− cells. ATP7A protein (arrows; green) was detected in the perinuclear
region of 4T1-WT cells and was absent in C3/ATP7A− and C8/ATP7A− clones.
Nuclei were labeled with DAPI (blue). (C) LOX activity in conditioned media
of 4T1-WT, C3/ATP7A− and C8/ATP7A− cells (mean ± SEM; **P < 0.01). Ac-
tivity is expressed as relative fluorescence units (RFU) normalized against 4T1-
WT cells. BAPN (0.5 mM), an irreversible inhibitor of LOX, was used to confirm
LOX activity in 4T1-WT media. (D) Restoration of LOX activity in the media of
C3/ATP7A− cells by stable transfection of a human ATP7A expression plasmid
(mean ± SEM; ***P < 0.001). (E) Rescue of LOX activity in C3/ATP7A− cells by
copper supplementation. LOX activity was measured in the conditioned media
of 4T1-WT and C3/ATP7A− cells supplemented for 24 h with the indicated
copper concentrations (mean ± SEM; **P < 0.01, ***P < 0.001); ns, not sig-
nificant. (F) ATP7A is required for the activity of LOX, LOXL1 and LOXL2. The
4T1-WT and C3/ATP7A− cells were transiently transfected with a plasmid
encoding GFP alone (control) or in combination with plasmids encoding LOX,
LOXL1 or LOXL2. After a 24 h recovery, LOX activity was assayed in the media
and normalized to cellular GFP expression to control for transfection efficiency
(mean ± SEM; *P < 0.05); ns, not significant.
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Previous studies have demonstrated that LOX and LOXL2 are
necessary for the recruitment of CD11b+ and CD117+ myeloid
cells to the lungs of tumor-bearing mice to promote formation of
the premetastatic niche, a process that facilitates the invasion and
growth of tumor cells (18, 23). Consistent with a loss of LOX
activity, both CD117+ and CD11b+ myeloid cells were significantly
reduced in the lungs of C3/ATP7A− tumor-bearing mice com-
pared with 4T1-WT tumor-bearing mice (Fig. 2 E and F).
Previous studies also have shown that inhibition of LOX ac-

tivity reduces the abundance of linear collagen fibrils associated
with tumors (30). Using second harmonic generation imaging
microscopy (30–32), we investigated whether the loss of ATP7A
reduced collagen fibril assembly in primary tumors and meta-
static lung nodules. As expected, tumor-associated collagen was
predominantly organized in long linear arrangements (>30 μm)
in 4T1-WT tumors, but in C3/ATP7A− derived tumors, the
collagen fibrils were significantly shorter and exhibited an overall
reduced linear organization (SI Appendix, Fig. S5 A–C). This
difference was also present in the metastatic nodules in the lungs
of tumor-bearing mice in which there were significantly fewer
collagen fibrils in C3/ATP7A− nodules compared with those
derived from 4T1-WT cells (SI Appendix, Fig. S5 D–F). Taken
together, these data suggest that ATP7A is required for copper

delivery to LOX and for LOX-dependent prometastatic pro-
cesses in 4T1 cells.

ATP7A Is Necessary for LOX-Dependent FAK1 Phosphorylation. An
important mechanism of LOX-mediated metastasis is the acti-
vation of FAK1, a key regulator of tumor cell adhesion and
motility (21, 22, 33). Levels of phosphorylated FAK1 (p-FAK1)
were found to be significantly elevated in 4T1-WT cells com-
pared with C3/ATP7A− cells, C8/ATP7A− cells, and 4T1 cells
expressing shRNA-ATP7A (Fig. 3A). Notably, FAK1 phos-
phorylation was restored to wild-type levels in C3/ATP7A− cells
within 20 min after the addition of recombinant active LOX
protein to the culture medium (Fig. 3 B and C). FAK1 is phos-
phorylated by the upstream tyrosine-protein kinase Src, which is
activated by the epidermal growth factor receptor (EGFR) (34).
Recent studies suggest that LOX activity can increase Src
phosphorylation in response to EGFR signaling (35). Consistent
with these findings, Src phosphorylation was reduced in untreated
and EGF-stimulated C3/ATP7A− cells compared with 4T1-
WT cells (SI Appendix, Fig. S6 A and B). FAK1 phosphorylation

Fig. 2. Deletion of ATP7A suppresses tumor growth and metastasis to the
lungs in the orthotopic 4T1 murine breast cancer mouse model. (A) Primary
tumors were isolated from mammary glands of BALB/c mice (n = 8 per group)
4 wk after injection with 4T1-WT, C3/ATP7A− or C8/ATP7A− cells (mean ± SEM;
****P < 0.0001). (B) Copper concentrations in primary tumors (mean ± SEM;
*P < 0.05, **P < 0.01). (C) Representative images of metastatic nodules in the
lungs of tumor-bearing mice. Lungs were fixed in Bouin’s solution to highlight
lung tumor nodules. (D) Quantification of lung nodules (mean ± SEM; ****P <
0.0001). (E) Loss of ATP7A in 4T1 tumors reduces recruitment of CD11b+ and
CD117+ myeloid cells to the lungs. Representative flow cytometry scatter plot
analysis of dissociated lung tissues isolated from BALB/c mice bearing 4T1-WT
or C3/ATP7A tumors (n = 4). Cells were stained with antibodies against CD11b
conjugated to PerCP, CD117 conjugated to APC and CD45 conjugated to
VioBlue. (F) Quantification of CD11b+ and CD117+ cells as a percentage of
CD45+ immune cells (mean ± SEM, *P < 0.05).

Fig. 3. ATP7A is required for cell motility and LOX-mediated phosphory-
lation of focal adhesion kinase (FAK1). (A) Immunoblot analysis of FAK1
phosphorylation in 4T1-WT, C3/ATP7A−, C8/ATP7A− and shRNA-ATP7A cells.
Total FAK1 was detected as a loading control. (B) Immunoblot analysis of C3/
ATP7A− cell lysates showing the restoration of FAK1 phosphorylation by the
addition of exogenous purified LOX (1 μg/mL) to the culture medium for the
indicated times. (C) Immunoblot band intensities were used to determine
the ratio of p-FAK1/total FAK1 at the 20 min time point in B. Values are
mean ± SEM; *P < 0.05; ns, not significant. (D) Detection of vinculin (green)
at focal contacts in 4T1-WT and C3/ATP7A− cells using confocal immuno-
fluorescence microscopy. Nuclei were stained using DAPI (blue). (E) Enu-
meration of vinculin clusters at focal adhesions in 4T1-WT and C3/ATP7A−
cells (mean ± SEM; ***P < 0.001; n = 15 fields per sample). (F) Immunoblot
analysis of total vinculin protein in 4T1-WT and C3/ATP7A− cells. Tubulin was
detected as a loading control. (G) In vitro scratch assay demonstrating di-
minished motility of C3/ATP7A− cells compared with 4T1-WT cells. Repre-
sentative images indicating the extent of closure are shown at 24 h after
scratch formation. Dashed lines indicate scratch starting points. (H) Rate of
gap closure of scratched 4T1-WT and C3/ATP7A− cell monolayers (mean ±
SEM; ***P < 0.001). The LOX inhibitor BAPN (0.5 mM) was added to media of
4T1-WT cells as a positive control.

6838 | www.pnas.org/cgi/doi/10.1073/pnas.1817473116 Shanbhag et al.

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817473116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817473116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817473116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817473116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817473116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1817473116


is known to regulate the assembly of proteins, including vinculin,
at focal adhesion sites (36, 37). In agreement with a loss of FAK1
phosphorylation, there was a significant increase in vinculin-
positive focal adhesions in C3/ATP7A− cells compared with
4T1-WT cells (Fig. 3 D and E). There were no differences in total
vinculin between 4T1-WT and C3/ATP7A− cells (Fig. 3F).
We next investigated the effect of ATP7A deletion on cell

motility using an in vitro scratch assay. The 4T1-WT cells exhibi-
ted increased motility compared with the C3/ATP7A− cells (Fig. 3
G and H and Movies S1 and S2), which were suppressed by the
LOX inhibitor BAPN (Fig. 3H). However, supplementation of
exogenous recombinant LOX to the media of C3/ATP7A− cells
was not sufficient to restore motility in these cells (SI Appendix,
Fig. S6C). Thus, despite the requirement for ATP7A for LOX-
mediated FAK1 phosphorylation (Fig. 3B), LOX activity alone
was not sufficient to restore motility in ATP7A-null cells.
Because ATP7A functions as a copper exporter (in addition to

supplying copper to secreted cuproenzymes), we considered the
possibility that the hyperaccumulation of copper in ATP7A-null cells
may contribute to the tumor-suppressive effects of ATP7A silencing.
At excess concentrations, copper can generate reactive oxygen spe-
cies (ROS), potentially resulting in cytotoxicity. Consistent with this
concept, ROS concentrations were found to be elevated in ATP7A-
null cells compared with 4T1-WT cells (SI Appendix, Fig. S7A).
Moreover, subtoxic concentrations of copper and H2O2 added in
combination to the media were found to confer cytotoxicity in
ATP7A-null cells, but not in 4T1-WT cells (SI Appendix, Fig. S7B)
and to suppress the ability of ATP7A-null cells to form colonies in
soft agar (SI Appendix, Fig. S7C andD). These results suggest that in
addition to a loss of LOX metallation, the accumulation of copper
and ROS may also contribute to the inhibitory effects of ATP7A
silencing on tumor growth and metastasis.

ATP7A Deletion in Lewis Lung Carcinoma Cells Inhibits LOX Activity,
Tumor Growth, and Metastasis. To determine whether our obser-
vations with 4T1 mammary carcinoma cells might be applicable to
other cancer types, we ablated Atp7a in Lewis lung carcinoma
(LLC) cells using CRISPR-Cas9. Immunoblot analysis verified the
loss of ATP7A expression in two independent clones, LLC7A-1 and
LLC7A-2 (Fig. 4A). Consistent with our observations in 4T1 cells,
LOX activity was markedly reduced in LLC7A-1 and LLC7A-2 cells
compared with wild-type LLC cells (Fig. 4B).
To determine the effect of ATP7A deletion on tumor growth,

wild-type LLC, LLC7A-1, and LLC7A-2 cells were injected s.c. into
C57BL/6 mice and permitted to grow for 2 wk. Primary tumors
derived from the LLC7A-1 and LLC7A-2 cells were found to be
significantly smaller than those from wild-type LLC cells (Fig. 4C).
To investigate the effect of ATP7A on metastasis, LLC,

LLC7A-1, and LLC7A-2 cells were injected into the tail veins of
C57BL/6 mice. After 3 wk, the metastatic burden of the ATP7A-
null LLC cells in both lung and liver was significantly reduced
compared with that in wild-type LLC cells (Fig. 4D). Taken to-
gether, these findings suggest that ATP7A is necessary for growth
and metastasis in models of both mammary and lung carcinoma.

ATP7A Expression Is Correlated with Reduced Survival in Breast
Cancer Patients. Previous studies have shown that high LOX ex-
pression is correlated with reduced survival in patients with estrogen
receptor (ER)-negative breast cancer (38). We used publicly avail-
able databases to investigate the degree to which patient mortality is
correlated with ATP7A mRNA expression in breast tumors. As in
the case of LOX, high ATP7A expression was found to be signifi-
cantly correlated with lower metastasis-free survival in patients di-
agnosed with ER-negative breast cancer (Fig. 5A). Together with
our experimental observations, these data suggest that ATP7A
promotes breast cancer malignancy in humans.

Discussion
Copper chelation therapy is an experimental approach that has
been shown to significantly extend the life expectancy of patients
diagnosed with stage III and stage IV breast cancer (14), raising

the possibility that inhibition of copper delivery to specific
oncogenic metalloenzymes might offer therapeutic benefits.
Prometastatic metalloenzymes that are affected by copper che-
lation therapy include the LOX family of enzymes, which have
well-documented roles in tumor malignancy (6). Previous studies
using experimental mouse models have shown that silencing
LOX reduces the metastatic spread of several breast carcinoma
cell lines, including 4T1 cells (23).
The rationale for our study was two-pronged: first, to test the

hypothesis that the resident Golgi copper transporter ATP7A is
necessary to deliver copper to members of the LOX family, and
second, to test whether ATP7A silencing would attenuate LOX-
dependent metastasis. Suppression of ATP7A expression in 4T1
cells using two independent approaches—CRISPR and RNAi—
resulted in the loss of LOX activity in the culture medium (Fig. 1C
and SI Appendix, Fig. S3B). This was not the result of off-target
events, because LOX activity was restored by transfection of a
human ATP7A plasmid in ATP7A-null cells (Fig. 1D). The find-
ing that excess copper added to the culture medium could re-
store LOX activity in ATP7A-null cells indicated that the lack of
LOX activity was attributable to a failure of copper delivery to LOX
(Fig. 1E). The finding that forced expression of different LOX
family members increased LOX activity in 4T1-WT cells, but not in
ATP7A-null cells (Fig. 1F), indicates that ATP7A is necessary and
sufficient to metallate multiple LOX family members.
Consistent with a loss of ATP7A-dependent LOX activity,

known pathways of LOX-dependent metastasis were attenuated
in ATP7A-null 4T1 cells, including myeloid cell recruitment to
the lungs, FAK1 phosphorylation, EGFR-mediated phosphory-
lation of Src, and tumor-associated collagen fibril assembly (Figs.
2F and 3C and SI Appendix, Figs. S5 and S6B). The finding that
ATP7A deletion in LLC cells also suppressed tumorigenesis and
metastasis suggests that, like members of the LOX family, ATP7A
is a relevant prometastatic factor in multiple cancer types (Fig. 4).
Future studies will evaluate the importance of ATP7A in other

Fig. 4. Deletion of ATP7A suppresses tumorigenesis and metastasis in the
LLC mouse model. (A) Immunoblot analysis of ATP7A expression in wild-type
LLC cells and LLC7A-1 and LLC7A-2 cell clones produced by CRISPR/Cas9 tar-
geting of ATP7A. Tubulin was detected as a loading control. (B) LOX activity
in culture medium of LLC, LLC7A-1 and LLC7A-2 cells (mean ± SEM; ***P < 0.001).
(C) Weights of primary tumor isolated from C57BL/6 mice injected s.c. with LLC,
LLC7A-1, or LLC7A-2 cells (mean ± SEM; ***P < 0.001). (D) LLC, LLC7A-1, and
LLC7A-2 cells stably expressing mCherry were injected into the tail veins of
C57BL/6 mice. After 3 wk, lungs and liver were harvested for RNA isolation and
qPCR analysis of mCherry expression. Data are mean ± SEM. **P < 0.01; ***P <
0.001. A higher dCt value denotes a smaller metastatic burden.
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cancer models, including models of spontaneous cancer. Previous
studies have demonstrated that elevated LOX expression is corre-
lated with poor survival of ER-negative breast cancer patients (38).
Consistent with a requirement for ATP7A in LOX activity, we

found that high ATP7A expression correlates with decreased
survival in patients with ER-negative breast cancer (Fig. 5A).
Taken together, these findings suggest a model in which ATP7A
functions to metallate LOX proteins in the secretory pathway to
promote LOX-mediated mechanisms of metastasis (Fig. 5B). Al-
though FAK1 phosphorylation was restored by the addition of
exogenous LOX to ATP7A-null cells (Fig. 3C), why this treatment
did not restore migratory potential in these cells, as determined
using the scratch assay, is unclear (SI Appendix, Fig. S6C). It is
possible that the correction of cell migration in ATP7A-null cells
requires the activity of multiple LOX family members. It is also
possible that the loss of migratory potential in ATP7A-null cells is
partly attributable to LOX-independent mechanisms. Indeed, the
finding that ATP7A-null cells accumulated elevated levels of
copper and ROS and were sensitive to a combination of subtoxic
concentrations of copper and hydrogen peroxide is consistent with
this hypothesis (SI Appendix, Fig. S7).
The importance of LOX and LOXL enzymes in different

cancers has prompted intense efforts to develop small molecule
inhibitors and immunotherapies against specific LOX family
members (35, 39–41). The results from our study raise the pos-
sibility of a new approach to treating LOX-dependent malig-
nancies by blocking ATP7A-mediated copper delivery to this
family of enzymes. Although we did not observe a correlation
between ATP7A expression and patient survival for other cancer
types, such correlations may be obscured by the expression of
ATP7B, another copper transporting P-type ATPase in the Golgi
complex that also metallates secreted cuproenzymes. As both

ATP7A and ATP7B proteins share highly conserved functional
motifs, drugs could be developed that block both ATPases to
provide a therapeutic benefit against cancers caused by one or
more LOX family members (42–44). Furthermore, as previous
studies have shown that ATP7A and ATP7B are involved in
resistance to various chemotherapy drugs (45, 46), therapeutic
targeting of ATP7A/B may offer additional benefits by reducing
the development of chemoresistance.

Materials and Methods
Cell Lines, Plasmids, and Reagents. The 4T1 and LLC cells were obtained from
American Type Culture Collection. ATP7A knockout lines were generated by
transfecting wild-type 4T1 or LLC cells with a CRISPR-Cas9/GFP construct tar-
geting exon 16 (Sigma-Aldrich), using Lipofectamine 2000. ATP7A knockdown
and control 4T1 cells were generated by stable transfection of a short hairpin
RNA against ATP7A or GFP (Origene), respectively. Cells were grown in com-
plete medium consisting of DMEM (Life Technologies) supplemented with
10% (vol/vol) FBS, 2 mM glutamine, and 100 U/mL penicillin-streptomycin (Life
Technologies) in 5% CO2 at 37 °C. Purified LOX protein and expression plas-
mids for human LOX, LOXL1, and LOXL2 were purchased from Origene. BAPN
was purchased from Sigma-Aldrich.

Animals. All animal procedures were performed with the approval of the
University of Missouri’s Animal Care and Use Committee. Female BALB/c
mice and male C57BL/6 mice were purchased from The Jackson Laboratory.
Mice were maintained on a 12-h light-dark cycle and fed with Picolab diet
5053 (13 ppm Cu; PMI International).

Cell Proliferation and Survival Assays. Cells were seeded in 24-well plates
(50,000 cells/well) and allowed to grow until ∼80% confluence. The Vybrant
MTT Cell Proliferation Assay Kit (Thermo Fisher Scientific) was used to
measure rates of proliferation in accordance with the manufacturer’s in-
structions. Cell survival was determined using the crystal violet assay, as
described previously (47).

In Vitro Scratch Assay. In vitro scratch assays were performed as described
previously (48). Live cell imaging and video recording were performed at
37 °C and 5% CO2 using a Nikon Eclipse Ti microscope. Photometrics soft-
ware was used to calculate gap closure by measuring the change in gap
distance over time.

Animal Tumor Models. Orthotopic growth of 4T1 cells in of 6- to 7-wk-old
female BALB/c mice was performed as described previously (26). Primary
tumors and lungs were harvested at 4 wk unless indicated otherwise. Bouin’s
solution was used to identify surface metastatic nodules, which were then
enumerated using dissecting microscopy. For the LLC model, 2 × 106 cells in
PBS were injected s.c. into the right armpit. After 2 wk, the tumors were
excised, weighed, and imaged. For investigating metastasis, LLC, LLC7A-1, and
LLC7A-2 cells were stably transfected with a construct expressing mCherry and
a puromycin resistance gene (Addgene plasmid 72264; Veit Hornung Lab)
using Lipofectamine 2000 and selected with puromycin (1.25 μg/mL). Pop-
ulations of LLC, LLC7A-1, and LLC7A-2 cells expressing equal levels of mCherry,
as determined by fluorescence intensity and qRT-PCR, were isolated and
injected i.v. into the tail vein. After 3 wk, the liver and right lung were ex-
cised and homogenized in TRIzol solution (Invitrogen). RNA was purified
using the RNeasy Plus kit (Qiagen), and cDNA was synthesized using the RNA
to cDNA EcoDry kit (Takara). qRT-PCR analysis was performed using 100 ng
of template was used per sample. In the event of nondetectable genes, 40
PCR cycles were performed. Taqman probes for mCherry and GAPDH were
obtained from Applied Biosystems.

Copper Measurements. Tumors or cell pellets were dissolved in 70% (vol/vol)
nitric acid and elemental analysis was performed by inductively coupled
plasma optical emission spectrometry (ICP-OES). Values were acquired in
triplicate for each sample and the results were normalized to weight.

Immunofluorescence Microscopy and Immunoblotting. Immunofluorescence
microscopy was performed as previously described (49), using the following
antibodies: Alexa Fluor 488-conjugated anti-rabbit or anti-mouse (1:1,000;
ThermoFisher), anti-vinculin (1:200, clone 7F9; EMD Millipore). Nuclei were
stained with DAPI (ThermoFisher). Immunoblot analysis was performed as
previously described (46). Primary antibodies used were rabbit anti-ATP7A
(1:1,000), anti-tubulin (1:2,000, T8328; Sigma-Aldrich), anti-phospho-FAK1
(1:1,000, 3281S; Cell Signaling Technology), anti-FAK1 (1:1,000, ab40794;

Fig. 5. Kaplan-Meier curve of breast cancer patients stratified by ATP7A
expression. (A) Kmplot.com analysis of ATP7A expression levels as a function
of distant metastasis-free survival of ER-negative breast cancer patients. (B)
Proposed model for ATP7A function in tumor growth and metastasis. ATP7A
delivers copper to LOX family members and facilitates copper export to
maintain cellular copper homeostasis (Left). Deletion of ATP7A (Right) re-
sults in hyperaccumulation of copper, increased ROS, loss of LOX activity and
a reduction in LOX-mediated metastatic pathways (e.g., FAK1 phosphory-
lation and myeloid recruitment at metastatic sites).

6840 | www.pnas.org/cgi/doi/10.1073/pnas.1817473116 Shanbhag et al.

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817473116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817473116/-/DCSupplemental
http://Kmplot.com
https://www.pnas.org/cgi/doi/10.1073/pnas.1817473116


Abcam) and anti-vinculin (1:1,000, 7F9; EMD Millipore). Secondary anti-
bodies were horseradish peroxidase-conjugated goat anti-rabbit IgG
(1:1,000, sc-2357; Santa Cruz Biotechnology) or goat anti-mouse IgG (1:1,000;
Thermo Fisher Scientific31430).

LOX Activity Assay. LOX activity in the conditioned media was determined
using the LOX activity kit (Abcam), according to the manufacturer’s in-
structions. Where indicated, plasmids encoding LOX, LOXL1, or LOXL2
(Origene) were transiently transfected into 4T1-WT or C3/ATP7A− cells to-
gether with a plasmid encoding GFP in pQCXIP to normalize for transfection
efficiency. After 24 h, GFP fluorescence was measured in transfected cells
and LOX activity was assayed in the media. Mean LOX activity was nor-
malized to GFP fluorescence. All LOX assays were performed at least three
times, with similar results.

Flow Cytometry. Lung tissue (30–70 mg) isolated from mice bearing 4T1-WT
or C3/ATP7A− tumors was minced and digested for 1 h at 37 °C in RPMI
media containing 4 mg/mL Collagenase D (Roche) and 2.5 mM CaCl2. Cell
suspensions were passed through a 40-μm nylon filter and red blood cells
were lysed using RBC lysis buffer (Miltenyi Biotec). Cells were resuspended in
PBS with 0.5% (wt/vol) BSA and 2 mM EDTA and then blocked for 10 min
with Mouse BD Fc Block (553142; BD Biosciences). Cells were then incubated
for 10 min at 4 °C with VioBlue-CD45 (130-110-664), Viobility 405/452 (130-
110-206), PerCP-Vio700-CD11b (130-109-289) from Miltenyi Biotec and APC-

CD117 (553356) from BD Bioscience. Spectral compensation was established
with Ultracomp eBeads (01-222-42; Invitrogen). Fluorescence minus one
samples for CD117 and CD11b were used as gating controls. Samples were
run on a BD Fortessa ×20. Data analysis was performed using FlowJo
v10.5.0 software.

Statistical Analysis. Data are presented as a minimum of three biological
replicates and expressed as mean ± SEM (SEM). Statistical analyses were
performed with GraphPad Prism 7.0. Data were analyzed using standard
Student’s t test and were considered to be significant when P ≤ 0.05. Sta-
tistical significance representations: *P < 0.05, **P < 0.01, ***P < 0.001 and
****P < 0.0001.

Clinical Association Analyses. Distant metastasis-free survival of ER-negative
breast cancer patients was stratified by ATP7A mRNA expression (Affymetrix
ID: 205197_s_at) relative to the median based on publicly available databases
(KMplot.com) (50).
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