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Breast cancer screening and new precision therapies have led
to improved patient outcomes. Yet, a positive prognosis is less
certain when primary tumors metastasize. Metastasis re-
quires a coordinated program of cellular changes that pro-
mote increased survival, migration, and energy consumption.
These pathways converge on mitochondrial function, where
distinct signaling networks of kinases, phosphatases, and
metabolic enzymes regulate these processes. The protein
kinase A–anchoring protein dAKAP1 compartmentalizes
protein kinase A (PKA) and other signaling enzymes at the
outer mitochondrial membrane and thereby controls mito-
chondrial function and dynamics. Modulation of these pro-
cesses occurs in part through regulation of dynamin-related
protein 1 (Drp1). Here, we report an inverse relationship
between the expression of dAKAP1 and mesenchymal mark-
ers in breast cancer. Molecular, cellular, and in silico analyses
of breast cancer cell lines confirmed that dAKAP1 depletion
is associated with impaired mitochondrial function and
dynamics, as well as with increased glycolytic potential and
invasiveness. Furthermore, disruption of dAKAP1–PKA
complexes affected cell motility and mitochondrial move-
ment toward the leading edge in invasive breast cancer cells.
We therefore propose that depletion of dAKAP1–PKA “sig-
naling islands” from the outer mitochondrial membrane aug-
ments progression toward metastatic breast cancer.

Approximately one in eight women are diagnosed with
breast cancer. Recent advances in detection and diagnosis,

when combined with precision therapies that tailor drug treat-
ment to the genetic profile of patients increase the likelihood of
good prognoses (1). Nonetheless, 5-year survival rates plum-
met to 22% for patients with metastatic (stage IV) disease (2).
Elucidating the molecular mechanisms that underlie the
transition to metastatic breast cancers remains challenging,
yet it is a necessary prelude to the development of new ther-
apies. The onset of metastasis is often marked by a cellular
reprogramming paradigm that alters gene expression pat-
terns, migration competency, and metabolism (3). This par-
adigm shares many features with the developmental process
known as the epithelial-to-mesenchymal transition (EMT)6

(4 –6). Furthermore, highly proliferative cancer cells often
exhibit enhanced glycolytic capacity (3, 7). Recent studies
show that both glycolysis and oxidative metabolism at mito-
chondria are critical for the progression to metastasis and
the survival of cancer cells as they establish distant tumors
(8 –10). Such multifaceted control of tumor cell metabolism
highlights the importance of mitochondrial signaling events
during metastatic tumor progression.

Bioinformatic analyses of mRNA and protein data sets have
identified predictive elements of tumor progression that
change during EMT and metastasis (11, 12). Many of these
altered proteins regulate processes such as cytoskeletal remod-
eling, cell adhesion, and cellular metabolism, which are critical
to tumor cell migration and survival (11). One class of proteins
that are frequently altered in cancers are A-kinase–anchoring
proteins (AKAPs), a family of scaffolding proteins that tether
protein kinase A (PKA) and other signaling enzymes to intra-
cellular membranes and organelles (13–15). These “AKAP sig-
naling islands” locally control the phosphorylation state and
activity of target substrates within precisely defined microenvi-
ronments (13, 16). This provides a means to not only efficiently
control the relay of information within cells but also to insulate
signals at defined subcellular locations to prevent indiscrimi-
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nate cross-talk (13, 17). Recent evidence suggests that PKA
activity facilitates the acquisition and maintenance of epitheli-
al-like properties in breast cancer cells (18). Consequently, the
loss of anchored PKA signaling at organelles including mito-
chondria may contribute to phenotypic changes that precede
metastasis.

The mitochondrial anchoring protein dAKAP1 (also called
sAKAP84, AKAP-121, and AKAP-149; gene is AKAP1) has
been implicated in the establishment and growth of primary
tumors in some cancers (19, 20). Using a combination of in
silico and experimental approaches, we discovered that differ-
ential expression of dAKAP1 in breast tumors accompanies
molecular and cellular changes that promote metastasis. This
mitochondrial anchoring protein, originally identified in male
germ cells, is a dual function AKAP that sequesters both the
type I and type II PKA holoenzymes (21–23). Subsequent stud-
ies have shown that this versatile anchoring protein has the
capacity to confer bidirectional control of protein phosphory-
lation by localizing both PKA and protein phosphatase 1 (PP1)
to the outer mitochondrial membrane (13). Mitochondrial
dAKAP1-anchored PKA phosphorylates and inhibits the mito-
chondrial fission enzyme dynamin-related protein 1 (Drp1) to
alter mitochondrial morphology (24, 25). In this report, we
show that the loss of dAKAP1 signaling islands from the outer
mitochondrial membrane occurs as breast cancer cells acquire
a more mesenchymal phenotype. Classification of dAKAP1
expression levels as “high” or “low” segregates a panel of breast
cancer cell lines into functionally distinct groups that differ
both in their metabolism and cell motility. Functionally, we
show that dAKAP1-associated PKA represses mitochondrial
fission and mitochondrial movement toward the leading edge.
These findings support the notion that low dAKAP1 promotes
motility in breast cancer cells. This infers that therapeutically
regulating these mitochondrial signaling complexes may be
applicable to the management of tumor metabolism and
invasiveness.

Results

dAKAP1 levels are lower in distant metastases than in primary
tumors

The in vivo tumor microenvironment contains two key com-
partments: tumor cells and the surrounding stroma (20, 26, 27).
In some cancers, stromal cells utilize glycolytic metabolism to
“feed” the tumor cells and thereby support cell survival (20, 26,
27). This promotes altered tumor metabolism that is associated
with metastasis and cell proliferation (9). Because dAKAP1 may
be involved in the establishment and growth of certain tumors,
we sought to establish whether changes in the expression pat-
tern of this anchoring protein could serve as a cellular index of
metastatic potential (19, 20). A panel of 45 paired primary and
metastatic breast cancer tumors was screened immunohisto-
chemically for dAKAP1 levels. Analysis of a representative tis-
sue pair is shown in Fig. 1, A–F. Staining in tumors (Fig. 1, A and
D, shaded regions) was compared with staining in neighboring
stromal tissue. Immunofluorescent detection of dAKAP1
(green) and counterstaining with the nuclear marker DAPI
(blue) revealed the tissue distribution of this anchoring protein

(Fig. 1, B and E). Samples were classified based on fluorescent
intensity, and pseudocolor signal intensity gradients were used
to visualize dAKAP1 protein levels in these compartments (Fig.
1, C and F). As predicted, strong dAKAP1 staining in tumors
was evident in 60% of the primary tumor samples (Fig. 1G,
yellow). In contrast, only 42% of the corresponding metastatic
tumor sections exhibited robust expression of this anchoring
protein (Fig. 1H, yellow). Thus, dAKAP1 expression is sup-
pressed at secondary metastatic sites as compared with primary
tumors. In keeping with this notion, only 4% of the primary
breast tumors were scored as weakly expressing dAKAP1 as
compared with 22% of the metastatic tumors (Fig. 1, G and H,
teal). Paired analyses of these 45 matched tissue samples pro-
vide further evidence of reduced dAKAP1 tumor staining after
metastasis (Fig. 1I). This supports the hypothesis that low
dAKAP1 expression is associated with a molecular environ-
ment that promotes metastasis.

dAKAP1 and mesenchymal gene expression are inversely
related

Tumor cells are thought to transition through a mesenchy-
mal-like state as they invade surrounding tissue and establish
distant tumors (28). We therefore explored the relationship
between the expression of dAKAP1, as well as 10 other AKAPs,
and a set of mesenchymal markers across a large panel of breast
cancer cell lines. mRNA expression data were obtained from
the Cancer Cell Line Encyclopedia (CCLE) for AKAP genes and
an in-house curated set of 36 mesenchymal markers (Fig. 2, A
and B) (11, 12, 29). We observed a strong inverse correlation
between the expression of mesenchymal genes and the mito-
chondrial anchoring protein dAKAP1 (Fig. 2, A and B). This
inverse correlation was unique among not only the AKAPs but
also other genes involved in mitochondrial morphology and
function (Fig. 2, C and D). Furthermore, a similar inverse asso-
ciation with dAKAP1 expression was also apparent across a
variety of cancer etiologies, suggesting that this relationship to
mesenchymal markers is broadly conserved across multiple
cancer types (Fig. S1, A and B). Correlative analyses in both
breast cancer cell lines and tissues further support the notion
that dAKAP1 expression is inversely related to a mesenchymal-
like phenotype (Fig. S1, C–E). Although some AKAPs were pos-
itively correlated with mesenchymal markers in our analyses,
we chose to focus on dAKAP1 to study how the regulation
of outer mitochondrially anchored PKA signaling might influ-
ence breast cancer cell physiology. This negative correlation
between dAKAP1 mRNA levels and average mesenchymal
marker expression persisted across the 59 breast cancer cell
lines represented in the CCLE (Pearson’s r � �0.74 (Figs. 2, E
and F, and S1, F and G). Moreover, an expanded analysis of
metastasis-related genes revealed that reduced dAKAP1
expression is particularly coincident with the up-regulation of
adhesion molecules and extracellular matrix components (Fig.
S1H).

Next, it was important to determine whether this relation-
ship was conserved in the context of clinical patient samples.
Primary breast cancer tumors can be classified in several ways
but are clinically resolved into four subtypes: Basal, Her2, Lumi-
nal A, and Luminal B (30 –32). With this in mind, we analyzed
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mRNA and protein levels in data sets generated from patient
samples (Fig. 2, G and H). Again, dAKAP1 expression was neg-
atively correlated with the appearance of mesenchymal mark-
ers. A similar negative correlation was evident in each breast
cancer subtype, suggesting that reduction in this anchoring
protein is a general phenomenon in tumor cells (Fig. 2, G and
H). The inverse correlation was particularly evident in basal and
Her2 classifications. This analysis provides evidence that
decreased dAKAP1 levels are associated with the appearance of
mesenchymal proteins in clinical samples from breast cancer
patients.

Biochemical validation initially involved immunoblot analy-
sis of primary tumor lysates obtained from four patients (Fig. 2I;
samples are detailed in Table S1). Samples were arranged in
descending order of dAKAP1 protein levels (as determined in

exploratory analyses) (Fig. 2I, top). E-cadherin served as a
marker of epithelial identity (Fig. 2I, second from top), whereas
N-cadherin and the transcription factor Snail were used as mes-
enchymal markers (Fig. 2I, middle and second from bottom)
(11). Detection of Eif2� served as a loading control (Fig. 2I,
bottom). Strong immunoblot detection of dAKAP1 expression
correlated with high E-cadherin and lower levels of N-cadherin
(Fig. 2I, top, middle, and second from bottom, patients A and B)
(9, 28, 33). Similarly, reduced detection of dAKAP1 was linked
to increases in N-cadherin, consistent with the characteristic
cadherin switch observed in EMT (Fig. 2I, top, middle, and sec-
ond from bottom, patients A and B). Low expression of dAKAP1
was also linked to increases in the transcription factor and mes-
enchymal marker Snail (Fig. 2I, top, middle, and second from
bottom, patients C and D). Based on these cumulative analyses,
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Figure 1. dAKAP1 expression is decreased after metastasis. A–H, immunohistochemical evaluation of 45 paired primary and metastatic breast cancer
tissue sections. Representative images from either the primary tumor (A–C) or the site of metastasis (D–F). A and D, bright field images of tissue sections.
Tumor (brown) regions are denoted. B and E, immunofluorescent detection of dAKAP1 (green) and nuclei (blue). C and F, signal intensity of dAKAP1
staining is specified by pseudocolor gradient. Amalgamated data of 45 primary (G) and metastatic (H) tumor sections quantifying signal intensity
enrichment of dAKAP1 staining in tumor. Strong (yellow), intermediate (gray), and weak (teal) signals are categorized. I, paired analysis of dAKAP1
staining intensity in tumors between 45 matched primary and metastatic samples. Cases of decreases (red lines) or increases (gray lines) in expression
between samples are denoted.
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we predicted that dAKAP1 levels drop as cells adopt a mesen-
chymal phenotype.

dAKAP1 links to changes in mitochondrial function and cell
motility

To systematically examine the role of dAKAP1 in breast can-
cer cell survival and metastasis, we turned to well-characterized
model cell lines. Altered metabolism and increased cell motility
are hallmarks of tumor progression (9, 28, 33). We queried pub-
lished cell line data sets to investigate whether changes in
dAKAP1 are linked to either process. Data from a large-scale

proteomic analysis on a panel of breast cancer cell lines showed
that dAKAP1 abundance varies across molecular subtypes (34).
Our analysis shows that luminal subtypes express higher levels
of dAKAP1, whereas basal/claudin-low types show minimal
expression (Fig. 3A). Immunoblot analysis of lysates from four
representative cell line confirmed that expression levels of
dAKAP1 protein followed this predicted trend (Fig. 3B, top).
Quantification of data from three independent experiments
reinforced the notion that dAKAP1 protein is low in basal/
claudin-low cells (Fig. 3C, gold columns). Independent analysis
by RII overlay shows the distribution of AKAPs in each breast
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Figure 2. dAKAP1 expression is inversely related to mesenchymal markers. A, Pearson’s r values quantifying the correlation of AKAPs mRNA and 36
mesenchymal markers from gene array analysis data of CCLE breast cancer cell lines (n � 59) (29). Median and interquartile ranges (red bars) are indicated. B,
heat map displaying r values of correlation of AKAP and mesenchymal gene mRNA expression. The rows (mesenchymal genes) are organized with hierarchical
clustering, and columns (AKAPs) are organized by mean r value. Intensity scale indicates r values ranging from high (yellow) to low (teal). C, Pearson’s r values
as in A but with mitochondrion-related proteins as columns. D, heat map of r values as in B with mitochondrial proteins as columns. Note that repeated genes
from previous panels display the same data with new clustering applied. E, heat map of dAKAP1 mRNA intensity and mean mesenchymal marker mRNA across
each individual breast cancer cell line (of 59 total) used in this data set, organized by ascending dAKAP1 mRNA expression. F, scatter plot of dAKAP1 mRNA
against mean mesenchymal marker mRNA. Error bars represent S.E. Breast cancer cell lines MCF7, BT474, MDA231 (also called MDA-MB-231), and HS578T used
later in this study are highlighted in magenta. G and H, heat maps depicting correlation of mesenchymal marker expression with dAKAP1 mRNA (G) and
dAKAP1 protein expression (H) in patient samples (32) from four clinically defined breast cancer subtypes (indicated above each lane). I, immunoblot analysis
of patient samples from breast cancer tumors monitoring dAKAP1 expression (top), E-cadherin epithelial marker (second from top), N-cadherin (middle) and
Snail mesenchymal markers (second from bottom), and Eif2� loading control (bottom). Individual patients are designated A–D at the bottom of the panel (see
Table S1 for patient sample details).
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cancer cell line (Fig. S1I). However, this technique cannot be
used to delineate the identity of individual anchoring proteins.
Immunofluorescent detection of dAKAP1 (green) in fixed cells
revealed a reticular staining pattern consistent with the mito-
chondrial compartment (Fig. 3D). Moreover, the signal inten-

sity in each cell line mirrored the relative expression differences
observed in the previous experiments. To assess the functional
significance of these changes in dAKAP1 expression, we com-
pared metabolic state across seven cell lines and found that less
dAKAP1 protein corresponded to an enhanced glycolytic phe-

Figure 3. Classification of dAKAP1-high and dAKAP1-low breast cancer cell lines. A, average dAKAP1 iBAQ intensities across 20 breast cancer cell lines
(data extracted from Table S1 and reported in Ref. 34). The subtype classification is indicated above each shaded region. Error bars indicate standard deviation
between quantified dAKAP1 protein identifiers. B, immunoblot analysis of dAKAP1 levels (top) and Eif2� (bottom) loading control in representative breast
cancer cell lines. C, quantification of amalgamated data (n � 3 independent blots) by densitometry. Error bars represent S.E. Statistical significance was
determined by ordinary one-way ANOVA (p � 0.0013; F(3, 8) � 14.76). MCF7 and BT474 cells (gray) were designated dAKAP1-high. MDA231 and HS578T (gold)
cells were designated dAKAP1-low. (See also magenta circles in Fig. 2F.) D, immunofluorescent detection of dAKAP1 (green) and nuclei (blue) in each cell line.
Scale bars (10 �m) are indicated. E and F, scatter plots comparing dAKAP1 protein expression (34) with metabolic analysis of aerobic respiration/glycolysis
(OCR/ECAR) (35) (E). Cell lines are designated as predominantly glycolytic (gold) or aerobic (gray). F, comparison with invasive potential (36) assessed by
Transwell assay. G and H, mRNA expression for the same breast cancer cell lines (29) to metabolic analysis (35) (G) or invasive potential (H) (36). * denotes cell
lines used experimentally.
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notype (Fig. 3E, gold) (34, 35). In parallel, we equated dAKAP1
expression to the invasive potential of nine cell lines evaluated
by Transwell assay (Fig. 3F) (34, 36). Again, dAKAP1 was mark-
edly reduced in the most invasive cancer cell lines (Fig. 3F, gold).
This classification was also apparent at the level of mRNA
expression (Fig. 3, G and H). On the basis of these cumulative
analyses, breast cancer cell lines were segregated into two
groups: “dAKAP1-high” lines (gray), including MCF7 and
BT474, which are metabolically oxidative and noninvasive; and
“dAKAP1-low” lines (gold), including MDA231 and HS578T,
which are glycolytic and motile. These four representative
breast cancer cell lines (also marked in magenta in Fig. 2F) were
selected for further molecular and mechanistic analyses to
investigate how dAKAP1 signaling at the mitochondria impacts
cell motility.

dAKAP1 sequesters PKA and other second messenger–
responsive enzymes to coordinate local signaling events at the
outer mitochondrial membrane, including modulation of mito-
chondrial membrane potential (��m) (37–39). Measurement
of ��m serves as a gauge of respiratory chain function and an
index of mitochondrial health (40, 41). Mitochondrial mem-
brane potentials were assessed in our representative breast can-
cer cell lines by calculating the ratio of tetramethylrhodamine
(TMRM) (Fig. 4A, top row) to MitoTracker Green FM signal

intensity (Fig. 4A, middle row). The amalgamated data reveal
that resting ��m values are low in both the dAKAP1-low cell
lines MDA231 and HS578T (Fig. 4, A, bottom row, and B). Fur-
thermore, siRNA silencing of dAKAP1 in the dAKAP1-high
cell line MCF7 decreased ��m compared with nonsilenced
control cells (Fig. S2, A–C). This suggests that expression of this
anchoring protein directly influences ��m. Parallel experi-
ments conducted on MDA231 cells showed a similar trend (Fig.
S2G). Thus, we propose that dAKAP1 supports high mitochon-
drial membrane potential and decreased expression of this
anchoring protein may diminish respiratory chain function in
breast cancer.

Mitochondrial morphology is altered by dAKAP1 expression in
breast cancer cells

Mitochondrial morphology reflects a dynamic equilibrium
between the opposing actions of mitochondrial fission and
fusion (42, 43). The size and distribution of mitochondria
within the cell can be indicative of localized energy demand
(44 –47). Consequently, motile breast cancer cells often contain
smaller, fragmented mitochondria (48). This is thought to pro-
mote mitochondrial trafficking during the energetically taxing
process of cell migration (48, 49). The dynamin-related GTPase
Drp1 is a recognized PKA substrate that is responsible for mito-
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chondrial fission under normal growth conditions (50 –52).
Nutrient starvation is a metabolic stressor that suppresses fis-
sion through the phosphorylation of Drp1 at Ser-637 (53–55).
Furthermore, dAKAP1-associated PKA is responsible for the
phosphorylation of this site, which inhibits Drp1 fission activity
and is important for cell survival in neurons (25, 56). It has been
established previously that dAKAP1-associated PKA phosphor-
ylates Drp1 at Ser-637 in neurons (24, 25, 56). We propose that
this dAKAP1-mediated event is also physiologically relevant in
breast cancer cells, particularly because cell survival under
harsh conditions is an important feature of tumor cells (Fig.
5A). Gene silencing in dAKAP1-high MCF7 cells confirmed
this notion (Fig. 5, B–G). Cells were treated with control- or
dAKAP1-selective siRNA, and depletion of the anchoring pro-
tein from cell lysates was confirmed by immunoblot (Figs. 5B,
top, and S2D, top). Phosphopeptide antibodies were used to
evaluate phosphorylation status of Ser-637 on Drp1. In control
cells, long-term serum starvation enhanced the pSer-637 signal
(Fig. 5B, second from top, lane 2). This effect was lost upon
siRNA depletion of the anchoring protein (Fig. 5B, second from
top, lane 4). Immunoblot detection of total Drp1 and Eif2�
served as loading controls for these experiments (Fig. 5B, sec-
ond from bottom and bottom). Thus, gene silencing of dAKAP1
attenuates local phosphorylation of Ser-637 on Drp1. Densito-
metric analysis of immunoblots from five independent experi-
ments corroborated these results (Fig. 5C).

Concomitant changes in mitochondrial morphology were
evaluated by live-cell imaging of serum-starved MCF7 cells
loaded with MitoTracker Green FM (Fig. 5, D–G). Mitochon-
drial networks were more interconnected and elongated in cells
treated with the control siRNA, particularly when visualized in
enlarged images (Fig. 5D and inset). In contrast, mitochondria
were fragmented and disorganized in cells treated with
dAKAP1 siRNA (Fig. 5E and inset). Analysis of �100 cells
under each condition confirmed that mitochondrial elongation
(Fig. 5F, gold) and mitochondrial connectivity (Fig. 5G, gold)
were reduced upon depletion of this anchoring protein.

Mitochondrial fission/fusion dynamics are hindered with
dAKAP1 with depletion

To assess the state of mitochondrial dynamics in real time,
we monitored the dispersal of mitochondrially targeted photo-
activatable GFP (mito-paGFP) through the organellar net-
works. This offers a quantifiable index of mitochondrial
dynamics. MCF7 cells (dAKAP1-high) were co-transfected
with photoactivatable mito-paGFP and photostable mito-
dsRed markers (Fig. 6, A–C, top panels, and Movies S1–S3).
Photoactivation at 405 nm within a 1-�m diameter region
allowed selective visualization and tracking of mito-paGFP over
a time course of 24 min (Fig. 6, A–C, lower panels). Simultane-
ous imaging of mito-dsRed illuminated the entire mitochon-
drial network (Fig. 6, A–C, upper panels). In control cells, mito-
paGFP rapidly diffused out of the region of activation,
indicative of mitochondrial membrane fusion (Fig. 6, A, E, and
F, charcoal). In contrast, siRNA depletion of dAKAP1 restricted
the diffusion of mito-paGFP, suggesting a decrease in mito-
chondrial fusion and interconnectedness compared with con-
trol cells (Fig. 6, B, E, and F, gold). Rescue upon expression of a
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SNAP-tagged murine dAKAP1 ortholog that is resistant to the
human siRNA restored the free movement of the photoacti-
vated probe (Fig. 6, C, E, and F, gray). Delivery of the SNAP-
targeting fluorophore 647-SiR was used to visualize dAKAP1
expression in “rescued” cells (Figs. 6D and S2E). Measuring the
area of mito-paGFP distribution immediately after photoacti-
vation provided an independent means of assessing mitochon-
drial morphology. These measurements confirmed our find-
ings in Fig. 5 that gene silencing of dAKAP1 corresponds to a
more fragmented mitochondrial network (Fig. 6G, gold),
whereas rescue with the murine-anchoring protein reverses
this effect (Fig. 6G, gray). Collectively, the data in Figs. 5 and 6
indicate that depletion of the anchoring protein in dAKAP1-
high cells shifts the balance of fission and fusion to favor frag-
mented mitochondrial networks.

Cell motility and mitochondrial positioning are impeded with
dAKAP1 expression

Tumor cell motility and the invasion of other organs are
defining features of metastasis (3, 7). Remodeling of mitochon-
drial networks and PKA phosphorylation events at the leading
edge of migrating cells contribute to tumor cell movement (48,
49, 57). Because dAKAP1-associated PKA prevents mitochon-
drial fragmentation via the phosphorylation of Drp1, we rea-
soned that this local signaling event would also decrease cell
migration. To test this hypothesis, we investigated the motility
of dAKAP1-low MDA231 cells. Cells were induced to express
WT dAKAP1 or a PKA-anchoring defective point mutant
(dAKAP1�PKA, Figs. 7A and S2F) (17). Transwell migration
assays monitored cell movement through a permeable mem-
brane toward chemoattractant (Fig. 7, B and C). The results
were normalized to WT MDA231 cells (Fig. 7, B, right panels,
and C). Doxycycline induction of dAKAP1 expression blocked
MDA231 cell migration as compared with controls (Fig. 7, A,
top panel, lane 2; B, top right panel; and C, charcoal squares).
Interestingly, induction of the dAKAP1�PKA mutant modestly
enhanced Transwell migration (Fig. 7, A, top panel, lane 4; B,
bottom right panel; and C, red triangles). Similar results were
obtained when these experiments were repeated using a Tran-
swell invasion assay that measures migration through a 3D
matrix (Matrigel) into the bottom chamber (Fig. 7, D and E).
Two important pieces of information were gleaned from these
experiments: 1) conversion of MDA231 cells to dAKAP-high–
expressing cells blocks migration, and 2) dAKAP1-anchored
PKA is necessary for this process.

Live-cell imaging of MDA231 cells loaded with MitoTracker
Green FM migrating into a scratch wound consolidated both
findings (Fig. 7, F–H, and Movies S4 –S6). The migration veloc-
ity of individual control cells into the wound area was calculated
as 33.5 � 2.8 �m/h over a time course of 18 h (n � 16; Fig. 7, F

and I, gray column). Doxycycline induction of dAKAP1
retarded cell migration as evidenced by a reduced cell velocity
of 22.4 � 1.6 �m/h over the same time course (n � 15; Fig. 7, G
and I, charcoal column). Overexpression of the dAKAP1�PKA
mutant restored rates of cell migration to control levels (34.9 �
1.7 �m/h (n � 15); Fig. 7, H and I, red column). Importantly,
dAKAP1 expression also decreased the number of cells
observed entering the wound area, an effect that was reversed
with the dAKAP1�PKA mutant (Fig. 7, F–H).

Anterior positioning of mitochondria toward the leading
edge increases velocity and the directional persistence of
migrating breast cancer cells (58). Accordingly, we used time
lapse imaging to monitor the intracellular location of mito-
chondrial labeled with MitoTracker (Fig. 7, J–L). Mitochon-
drial localization indexes (MLI) were defined as the ratio of the
integrated fluorescent signal in front of the centroid (black
dots) to the entire cell (white lines) (Fig. 7, J–L, top panels) (58).
Line plots monitored the distribution of fluorescent mitochon-
dria over the length of representative cells (Fig. 7, J–L, bottom).
In control cells, the majority of the mitochondria were posi-
tioned toward the anterior of the cells (Fig. 7, J and M, gray
column). As anticipated, the induction of dAKAP1 reduced
mitochondrial mass at the leading edge (Fig. 7, K and M, char-
coal column). This effect was lost in cells expressing
dAKAP1�PKA (Fig. 7, L and M, red column). Thus, we con-
cluded that the loss of dAKAP1 signaling islands biases mito-
chondrial morphology and positioning toward a migratory
phenotype.

Discussion

We report that reduced expression of the mitochondrial
PKA-anchoring protein dAKAP1 in breast cancers contributes
to tumor progression toward a malignant state. Three lines of
investigation support this model. First, an immunohistochem-
ical screening of 45 matched tissue biopsies from primary and
metastatic sites in patients with advanced breast cancer con-
firmed that dAKAP1 expression decreases upon disease pro-
gression (Fig. 1A). This pattern was observed across the spec-
trum of breast cancer classifications represented in the tissue
microarray (denoted by receptor status in Table S1). Second,
analysis of clinical samples showed that dAKAP1 levels
decrease as tumors adopt a mesenchymal profile. Immunoblot
analyses of patient samples in Fig. 2I support this view, showing
that loss of the anchoring protein is concomitant with
enhanced detection of mesenchymal markers. Similarly,
dAKAP1 abundance is nominal in “claudin-low” cell lines that
maintain a mesenchymal-like phenotype (Fig. 3A) (59).
Although the availability of sufficient clinical material limited
the scope of our analysis, this biochemical switch is consistent
with a prevailing view that transcriptional remodeling and

Figure 6. Live-cell imaging analyses of mitochondrial dynamics. A–C, tracking of mitochondrially targeted paGFP (yellow) and whole-cell detection of
photostable mitochondrially targeted dsRed (teal) monitored organellar dynamics over a time course of 24 min. Analysis was conducted on MCF7 cells treated
with siControl (A), si-dAKAP1 (B), and rescue (C) upon expression of murine SNAP-tagged dAKAP1. Upper rows, composite images of both fluorescent channels.
White circles denotes site of photoactivation. Lower rows, gray-scale images of paGFP signal. D, detection of SNAP-tagged dAKAP1 upon conjugation of 647-SiR
fluorescent dye. Scale bars (5 �m) are indicated. E, diffusion of fluorescent paGFP signal was calculated. Amalgamated data for siControl (charcoal), si-dAKAP1
(gold), and rescued cells (gray). The numbers of cells in each analysis are indicated. Error bars represent S.E. Statistical significance was determined individually
by two-tailed Student’s t test. The rates of dispersal (F) and degrees of mitochondrial connectivity (G) were calculated for the same experimental conditions. The
number of cells used in each analysis is indicated below each column. Data were collected over n � 4 independent experiments. Error bars represent S.E.
Statistical significance was determined by two-tailed Student’s t test. Welch’s correction was used in F to account for uneven variances.
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changes in cell motility are hallmarks of a mesenchymal profile
(4, 11). Third, indirect support for this notion comes from the
bioinformatic data presented in Fig. 2, G and H. With the pos-
sible exception of luminal A breast cancers, dAKAP1 expres-
sion inversely correlates with mesenchymal markers across the
clinical subtypes. Thus, our integrated biochemical, histo-
chemical, and bioinformatic strategy offers compelling support

for the depletion of dAKAP1 mRNA and protein levels as breast
cancer cells progress toward metastasis.

Although the molecular mechanisms that attenuate
dAKAP1 expression in breast cancer tumors are poorly under-
stood, one plausible explanation is ubiquitin-mediated protein
degradation. Accordingly, hypoxic signaling to the E3 ubiquitin
ligase Siah2 has been implicated in the targeted destruction of
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dAKAP1 with concurrent effects on mitochondrial morphol-
ogy and function (24, 60). This may be particularly relevant in
the hypoxic and nutrient-deprived core of solid tumors (61),
prompting us to evaluate how pathological changes in dAKAP1
levels impact mitochondrial signaling. Our starting point was to
assess the levels of anchoring protein in a range of breast cancer
cell lines classified on the basis of their metabolic and invasive
properties (35, 36). The data in Fig. 4 indicate that cell lines
designated as dAKAP1-high display robust basal mitochondrial
membrane potentials. This feature is often associated with
enhanced oxidative phosphorylation, a metabolic process that
exploits the transfer of electrons across inner mitochondrial
membranes to promote ATP synthesis (40, 62). Paradoxically
these findings imply that although dAKAP1 signaling islands
reside on the outer mitochondrial membrane, they somehow
seem to influence metabolic processes that occur inside these
organelles. One explanation is that molecular flexibility within
AKAP–PKA assemblies bestows a sufficient range of motion on
anchored PKA to engage distal substrates (13, 16). Such a
mechanism is supported by recent evidence that anchored PKA
holoenzymes remain active and intact upon exposure to phys-
iological levels of cAMP (14). However, we do not know how
anchored PKA action is transduced across the outer mitochon-
drial membrane or whether other dAKAP1-binding partners
are effectors of oxidative phosphorylation. Nonetheless, these
findings add to the literature implicating dAKAP1 and other
mitochondrial anchoring proteins such as Rab32, OPA1, and
SKIP as local effectors of mitochondrial physiology (63–67).

Dynamic changes in mitochondrial morphology are indica-
tive of different cellular and metabolic states (42, 53–55). One
well-defined PKA target is the mitochondrial fission effector
Drp1 (50, 51). This dynamin-related GTPase mechanically con-
stricts the outer mitochondrial membrane to create the site of
organellar fission (42, 52). Although changes in the phosphor-
ylation status of Drp1 have been observed in neurons, this
AKAP-mediated event may also be pertinent to the core of
breast cancer tumors where nutrient deprivation is linked to
elongated mitochondrial networks (25, 56, 61). To recapitulate
this scenario in situ we exposed dAKAP1-high MCF7 cells to
chronic serum starvation and were able to block fission. Bio-
chemical and mitochondrial imaging experiments (in Fig. 5)
show that gene silencing of dAKAP1 abolishes the inhibitory

phosphorylation event at Ser-637 of Drp1 allowing mitochon-
drial fission to proceed unopposed. This tallies with live-cell
imaging experiments presented in Fig. 6 showing that depletion
of dAKAP1 impedes the diffusion of fluorophore upon photo-
activation of a mitochondrially targeted paGFP. As diffusion
into surrounding mitochondria is a quantifiable index of organ-
elle fusion, our cumulated data imply that dAKAP1 modulates
these dynamic changes in mitochondrial morphology. Impor-
tantly, these changes can be reversed upon rescue with the
murine dAKAP1 ortholog. Nevertheless, we recognize that
other factors also augment mitochondrial fragmentation. For
example, the PTEN-induced putative kinase (PINK), enhances
mitochondrial fission by displacing PKA from dAKAP1 (68,
69). Likewise, fission effector proteins, including Mff and Fis1,
sequester Drp1 at the outer mitochondrial membrane where it
is proximal to dAKAP1 signaling islands (42). Irrespective of
which mechanism predominates, we concluded that dAKAP1
signaling islands influence dynamic changes in mitochondrial
morphology in a variety of cellular and pathophysiological
contexts.

Cell motility is an energy-intensive process defined as the
movement of a cell from one location to another and is often
considered an experimental surrogate for tumor metastasis (33,
36). A growing body of literature argues that a fragmented
mitochondrial morphology drives cell migration (44, 45, 48,
49). Mitochondrial transport to the leading edge of motile cells
supports the local production of ATP to supply cytoskeletal
elements that participate in this type of cell movement (47, 57,
58). Anterior positioning of mitochondrial networks at the
leading edge distinguishes motile cell lines with high metastatic
potential from those with low metastatic potential (58). In
keeping with this notion, the experiments represented in Fig. 7,
J–L, detect fluorescently labeled mitochondrial networks
toward the anterior of dAKAP1-low MDA231 cells. Conversion
to dAKAP1-high upon overexpression of the anchoring protein
not only diminished mitochondrial mass at the leading edge but
also reduced the migration velocity of individual cells. Parallel
studies recorded similar effects in Transwell migration and
invasion assays. Mechanistically, dAKAP1-induced attenua-
tion of cell migration proceeds through anchored PKA, as
overexpression of the dAKAP1�PKA mutant had no effect.
However, displacement of other dAKAP1-binding partners,

Figure 7. dAKAP1-anchored PKA represses cell motility and modulates mitochondrial positioning. A, MDA231 cells were infected with doxycycline-
inducible dAKAP1 (lanes 1 and 2) and a PKA anchoring– deficient mutant dAKAP1�PKA (lanes 3 and 4). Shown are immunoblot detection of dAKAP1 (top), PKA
anchoring assessed by RII overlay (17) (middle), and Eif2� loading control (bottom). B and C, Transwell migration monitors cell movement across a porous
membrane. B, representative images of crystal violet–stained migrating cells under each experimental condition. Scale bars (100 �m) are indicated; experi-
mental are conditions indicated. C, amalgamated data (n � 5 independent experiments) normalized to uninduced WT dAKAP1 (gray circles) or dAKAP1�PKA
mutant (pink triangles). Transwell migration of cells overexpressing dAKAP1 (charcoal squares) or dAKAP1�PKA (red inverted triangles) is indicated. D and E,
Transwell invasion evaluates cell movement through a Matrigel barrier. D, representative image of crystal violet–stained invading cells under each experimen-
tal condition. Scale bars (100 �m) are indicated. E, quantification of data (n � 5 independent experiments) as defined above. F–I, migration of MitoTracker-
loaded MDA231 cells into scratch wounds (yellow lines) over a time course of 18 h. Montages of control (F) and MDA231 cells overexpressing dAKAP1 (G) or
dAKAP1�PKA (H) are shown. I, migration velocities (�m/min) of control (gray) and cells overexpressing dAKAP1 (charcoal) or dAKAP1�PKA (red) (n � 3
independent experiments). The numbers of cells analyzed from three independent experiments are indicated. Scale bars (100 �m) are indicated. J–L, fluores-
cent detection revealed the location of mitochondrial networks in migrating control cells (J) and cells overexpressing dAKAP1 (K) or dAKAP1�PKA mutant (L).
Representative images depicting composite bright field and MitoTracker signals (top), MitoTracker alone (middle), and posterior–anterior line plots (bottom)
reveal the intracellular position of fluorescent mitochondria. The cell body is outlined. Line plots are traced (top, white line, and middle, green line). The centroid
(black circles) and anterior (shaded regions) of migrating cells are indicated. The scale is defined by the x axis of the line plot (75 �m). M, localization indexes (58)
mark the position of mitochondria in control (gray), dAKAP1 (charcoal), or dAKAP1�PKA (red) cells (n � 3 independent experiments). The number of cells
analyzed from three experiments is indicated. N and O, schematic highlighting the conclusions of this study. N, high dAKAP1 expression favors nonmotile
breast cancer cells with elongated mitochondrial networks. O, reducing dAKAP1 fragments the mitochondria and enhances cell motility. Error bars presented
in C, E, L, and M signify S.E. In each case statistical significance was determined by two-tailed Student’s t test.
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including protein phosphatase PP1, microtubule-associated
Rho guanine exchange factor and oncoprotein Lfc, as well as a
protein tyrosine phosphatase D1-src module may further
accentuate these effects (40, 70 –73). Thus, dAKAP1 may serve
as a nexus for the integration and relay of diverse signals from
the mitochondria to the microtubule network. Finally, we pro-
pose a model where dAKAP1 levels are high in primary tumors
to facilitate robust mitochondrial function that sustains growth
and proliferation (Fig. 7N). As the cell becomes migratory,
dAKAP1 levels drop and the mitochondrial signaling environ-
ment is altered to facilitate the changing needs of the cell (Fig.
7O). In migratory dAKAP1-low cell types, fragmented mito-
chondria may facilitate the trafficking of these energetic organ-
elles to the leading edge, where local energy requirements are
elevated. In a broader context, this study highlights the impor-
tance of mitochondrial AKAP signaling islands in the mainte-
nance of organelle organization and function. Therefore, we
propose that the elimination of dAKAP1 is a pathological devel-
opment that alters the local signaling terrain as breast cancers
progress toward metastasis.

Experimental procedures

Correlation and heat map generation

Cancer Cell Line Encyclopedia (CCLE) data (29)—RMA
(robust multiarray average)–normalized mRNA expression data
were downloaded from the Broad Institute (https://portals.
broadinstitute.org/ccle).7 Pearson’s correlation, calculated be-
tween each AKAP with quantified mRNA expression values
and individual mesenchymal markers (36 total) in either breast
cancer (Fig. 2, A–D) or any cancer etiology with �3 quantified
cell lines (Fig. S1, A and B), was represented in a heat map using
GraphPad Prism7 (GraphPad Software, La Jolla, CA).

Clinical sample RNA microarray, RNAseq, and proteomics
data—Microarray, RNAseq, and protein expression data in tis-
sue samples (Figs. 2, G and H, and S1, C and D) were downloaded
from the Broad Institute–associated browser (http://prot-shiny-
vm.broadinstitute.org:3838/BC2016/)7 (32). Pearson’s correla-
tion was calculated between dAKAP1 and expression of mes-
enchymal markers (36 total) in individual samples and averaged
across each of the four clinical subtypes defined in the study
(32). Protein expression data in breast cancer cell lines (Figs. 3,
A, E, and F, and S1E) were downloaded from published data sets
(34). The resulting data were represented in a heat map using
GraphPad Prism7 software.

Clustering—Unsupervised hierarchical clustering was per-
formed on mesenchymal genes (rows in Figs. 2, B, D, G, and H,
and S1, B and D) using the Perseus software package (V1.6.1.3,
Max Plank Institute of Biochemistry) (74) with the following
settings: distance � Euclidean; linkage � average; processed
with K-means enabled; number of clusters � 300; maximal
number of iterations � 10; and number of restarts � 1.

Determination of metabolic and invasive potential cor-
relations—Data for oxygen consumption rate (OCR)/extracel-
lular acidification rate (ECAR) was determined computation-

ally from the reported data (35) (Fig. 3, E and G, y axis).
Similarly, the invasive potential was also determined computa-
tionally from published data (36) (Fig. 3, F and H, y axis). These
were compared with dAKAP1 protein expression values deter-
mined using iBAQ proteomics (Fig. 3, E and F, x axis) (34) or
mRNA expression values in the CCLE (Fig. 3, G and H, x axis)
(29). Pearson’s r was used to determine the linear relationship
between OCR/ECAR and dAKAP1 expression, whereas Spear-
man’s r was used for the nonlinear variable of invasive potential.
“Glycolytic” cells were defined as an OCR/ECAR ratio 	 10.
“Invasive” cell lines were defined as having an invasive potential
of �250. See respective studies for relevant methods for deter-
mining OCR/ECAR (35) and invasive potential (36).

Antibodies—The following antibodies were used in this study
for Western blotting: AKAP149 (610720, BD Biosciences,
1:1000), AKAP1 (HPA008691, Human Protein Atlas/Sigma
Aldrich, 1:1000), pDrp1 Ser-637 (PA5-37534, Invitrogen,
1:1000), total Drp1 (611112, BD Biosciences, 1:1000), Eif2�
(5324S, Cell Signaling Technologies, Danvers, MA, 1:1000), V5
(R960CUS, Invitrogen, 1:5000), N-cadherin (13116S, Cell Sig-
naling Technologies, 1:1000), Snail (3879S, Cell Signaling
Technologies, 1:500), E-cadherin (610181, BD Biosciences,
1:1000), and mouse and rabbit horseradish peroxidase-conju-
gated secondary antibodies (NA9310 and NA9340, GE Health-
care Life Sciences, Marlborough, MA, 1:10,000). The following
antibodies and stains were used in this study for immunofluo-
rescent imaging: AKAP1 (HPA008691, Human Protein Atlas/
Sigma Aldrich, 1:500) and DAPI (62248, Life Technologies,
Inc., 1:1000).

Plasmids—The human dAKAP1 ORF was purchased from
OriGene (RC200506, Rockville, MD). The pLIX403 plasmid
was a gift from David Root (Addgene plasmid 41395). Mito-
paGFP was a gift from Richard Youle (Addgene plasmid 23348).
Plasmid encoding mito-dsRed was a gift from the laboratory of
Suzanne Hoppins (University of Washington).

Cell lines and culture—Breast cancer cell lines MDA231
(MDA-MB-231, ATCC catalog No. HTB-26), BT474 (ATCC
catalog No. HTB-20), and HS578T (ATCC catalog No. HTB-
126) were purchased from ATCC (Manassas, VA). MCF7 cells
were graciously provided by the laboratory of Judit Villén (Uni-
versity of Washington). Cell lines were grown in Dulbecco’s
modified Eagle’s medium (DMEM; Gibco) supplemented with
10% fetal bovine serum (FBS; Gibco). Cell lines with stably
incorporated dAKAP1 variants were grown in DMEM supple-
mented with 10% defined, tetracycline-low FBS (Hyclone, Pitts-
burgh, PA) with 1 �g/ml puromycin (Sigma Aldrich) unless
otherwise noted. All cell lines were maintained in a 5% CO2
incubator at 37 °C.

Starvation and siRNA—siRNA knockdown was achieved in
MCF7 cells with 50 nM AKAP1 siGENOME SmartPool (pool of
four siRNAs) or 50 nM siGENOME nontargeting siRNA
(M-011426-02 and D-001210-03, respectively Dharmacon,
Lafayette, CO), transfected with Lipofectamine 2000 (Invitro-
gen), and incubated in a 5% CO2 incubator at 37 °C for 24 h. The
transfection medium was replaced with FBS-free DMEM after
24 h to achieve 48 h of starvation prior to the assay.

Cell line generation—Doxycycline-inducible cells were
generated using lentiviral transduction to stably incorporate

7 Please note that the JBC is not responsible for the long-term archiving and
maintenance of this site or any other third party hosted site.
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dAKAP1 variants in a pLIX403 backbone. Lentiviral particles
were incubated with MDA231 cells (ATCC) for 24 h. Cells were
recovered in normal media for 24 h before undergoing 4 �g/ml
puromycin selection for 48 h. After selection, cells were disso-
ciated using 0.25% trypsin-EDTA (Gibco); 200 cells were evenly
distributed into a 10-cm2 dish and incubated for 48 –96 h or
until single-cell– derived colonies were visible. Single-cell–
derived colonies were hand-picked with a pipette tip and plated
into single wells of a 96-well plate. Cells were expanded and
tested for induction with 1 �g/ml doxycycline for 72 h. Cell
lines with moderate and comparably induced expression of
V5-tagged dAKAP1 were selected for use in this study.

Tissue sample lysis—Tumor samples from breast cancer
patients were obtained (Fig. 2I, patients A–C (Northwest Bio-
Specimens, Seattle, WA), and Table S1) as flash-frozen tissue.
The tissue was powdered in a mortar on dry ice and lysed in
RIPA buffer (150 mM NaCl, 1% Triton X-100, 0.5% sodium
deoxycholate, 0.1% SDS, and 50 mM Tris pH 8.0) with protease
and phosphatase inhibitors by vortexing and incubating on a
rocker at 4 °C for 30 min. Lysates were cleared at 10,000 
 g for
10 min at 4 °C. The lysate shown in Fig. 2I, patient D, was
obtained from OriGene (catalog No. 543487) (Table S1) in
modified RIPA buffer.

Cell lysis—For cultured cells, the cell line was grown to the
desired confluence and rinsed once in cold PBS. Cold lysis
buffer (20 mM HEPES, pH 7.4, 150 mM NaCl, 1 mM EDTA, and
0.5% Triton/Nonidet P-40 in water) with protease and phos-
phatase inhibitors was added to the dish and gently rocked at
4 °C for 20 min. Cell lysate was scraped into a chilled tube and
cleared at 10,000 
 g for 10 min at 4 °C.

Immunoblot analysis—A BCA assay (Pierce) was used to
determine protein concentrations, and 15 �g of protein/sample
was loaded onto a Bolt 4 –12% bis-Tris gel (Life Technologies).
The cleared lysate was boiled in 1
 LDS loading buffer for 10
min before loading. Proteins were transferred to nitrocellulose
membrane and blocked in either 5% milk or 5% BSA in TBST
(50 mM Tris, pH 7.6, 150 mM NaCl, 0.05% Tween-20), as deter-
mined by the manufacturer of the relevant antibody. The pri-
mary antibodies were incubated at the dilutions described
above overnight at 4 °C. Immunoblots were thoroughly washed
in TBST before incubation in a 1:10,000 secondary antibody for
1 h at room temperature. Immunoblots were washed again in
TBST before imaging on an iBright FL1000 (Thermo Fisher
Scientific) with SuperSignal Dura ECL reagent (Thermo Fisher
Scientific). Densitometry for blot quantification was done using
ImageJ software (NIH).

Transwell migration and invasion—Transwell assays were
performed by dissociating the relevant cell lines in 1 mM EDTA
in PBS for 5 min at 37 °C. Cells were agitated, fully resuspended
in serum-free medium, and counted. A total of 1.0 
 105 cells
were seeded onto the upper chamber of the Transwell. Tran-
swells with an 8.0-�m pore size were used uncoated for migra-
tion (catalog No. 07-200-150, Pittsburgh Corning Corp., Pitts-
burgh, PA) or were Matrigel-coated for invasion (catalog No.
354480, Corning BioCoat). For Matrigel invasion assays, Matri-
gel-coated Transwells were rehydrated in serum-free medium
at 37 °C, 5% CO2 for 2 h prior to seeding. Whole-serum medium
(10% FBS in DMEM) was used as the chemoattractant in the

bottom chamber. Migration assays were incubated at 37 °C, 5%
CO2 for 18 h, and invasion assays were incubated for 20 h. After
incubation, both the chamber and the membrane were rinsed
twice in PBS, fixed in 70% ethanol for 10 min, and stained in
0.05% crystal violet (w/v in water) for 30 min. Membranes and
chambers were rinsed well in PBS, and total cells in the bottom
chamber were counted. Representative images were acquired at
10
 magnification with a DMI8 automated inverted micro-
scope (Leica, Wetzlar, Germany) with an EL6000 component
(light source, filter wheel, and ultra-fast shutter, Leica) and a
CoolSnap HQ camera (Photometrics, Tucson, AZ).

Tissue staining and imaging

Staining and antigen retrieval—A tissue section microarray
of 50 paired primary and metastatic breast tumors was obtained
from U.S. BioMax (Br10010e) (Table S1) as formalin-fixed par-
affin-embedded samples. Sections were deparaffinated (Citra-
solv, Thermo Fisher Scientific), antigen retrieval was per-
formed (R-buffer A, Retriever 2100 pressure cooker, Electron
Microscopy Sciences), and tissue sections were blocked in 10%
(v/v) donkey serum with 5% (w/v) BSA in PBS for at least 1 h
before overnight incubation with the relevant primary
antibodies.

Imaging and analysis—Cells were imaged on a Keyence
BZ-X710 microscope (Keyence, Itasca, IL) using the relevant
filter cubes for bright field (no filter), DAPI (blue filter), and
dAKAP1 staining (red filter). All images were acquired with the
same magnification (100
, oil immersion), exposure time, and
illumination intensity. Images were quantified and processed
using ImageJ software.

Quantification of mitochondrial tumor enrichment—A qual-
ity review of each pair of tissue samples was completed by
blindly scoring representative images with a quality score of 0
(poor), 1 (intermediate), or 2 (excellent). All pairs containing at
least one score of 0 were disregarded for quantification (5 of 50
pairs were discarded). Tumor cells and tumor stroma were
identified by nuclear staining and tissue morphology. The fluo-
rescence intensity of dAKAP1 staining was measured as the
average of 3 equivalent rectangles in regions of tumor cells and
tumor stromal cells. Values were normalized to DAPI staining
to account for differences in cell density. A tumor enrichment
ratio was calculated as a ratio of background-corrected, DAPI-
normalized dAKAP1 fluorescence intensity in tumor cells to
that of stromal cells. Ratios � 2.5 were considered “strong”
staining, 2.5 � ratios � 1.5 were “intermediate,” and ratios �
1.5 were scored as “weak” staining.

Live-cell imaging

Mitochondrial membrane potential of cell lines—Cells were
grown in medium containing 10% FBS in a 5% CO2 incubator at
37 °C. On the day of imaging, the medium was aspirated and
replaced with medium containing 40 nM TMRM (T668,
Thermo Fisher Scientific) and 50 nM MitoTracker Green FM
(M7514, Invitrogen), and the mixture was incubated for 45 min
at 37 °C. The cells were rinsed twice in PBS and further incu-
bated in medium containing NucBlue Hoescht 33342 stain
(R37605, Invitrogen, 1 drop/ml) for 15 min at 37 °C. The
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medium was aspirated and replaced with FluoroBrite
DMEM � 10% FBS.

Cells were imaged on a GE Deltavision OMX SR microscope
(GE Life Healthcare Sciences). After loading (as above), cells
were placed in a humidified chamber with 5% CO2 at 37 °C and
imaged using a 60
 oil immersion objective (Olympus, Shin-
juku, Tokyo, Japan). Nuclei were excited with a 405-nm laser at
15% T for 100 ms and captured at 435 nm. MitoTracker Green
FM was excited with a 488-nm laser at 30% T for 150 ms and
captured at 528 nm. TMRM was excited with a 568-nm laser at
5% T for 50 ms and captured at 609 nm. All images were
acquired with the same settings. Images were quantified and
processed using ImageJ software. For the ��m microscopy
analyses presented in Figs. 4A, S2A, and S2G, the ratios were
calculated by dividing TMRM fluorescence by MitoTracker
Green FM fluorescence in individual cells.

Mitochondrial membrane potential of dAKAP1-depleted
MCF7—To determine ��m in dAKAP1-depleted MCF7 cells
(Fig. S2, A–C), siRNA knockdown was achieved in MCF7 cells
with either 50 nM AKAP1 targeting siRNA or 50 nM nontarget-
ing siRNA and transfected with Lipofectamine 2000, as
described above. The transfection medium was replaced with
DMEM�10% FBS after 24 h to achieve a total of 48 h of serum
starvation prior to assay. Cells were loaded with 40 nM TMRM
for 45 min as described above.

For microscopy analysis (Fig. S2B) of ��m, images were
acquired every 30 s for 15 min. At time � 5 min, 25 �M FCCP
was added to the medium. Membrane potentials were deter-
mined by measuring fluorescent intensity in three rectangles/
cell and averaged. Data were normalized to average depolarized
membrane potential at 15 min. Images were acquired using a
63
 oil immersion objective with a DMI8 automated inverted
microscope (Leica), an EL6000 component (light source, filter
wheel, and ultra-fast shutter, Leica), and a CoolSnap HQ cam-
era (Photometrics).

For microplate analysis (Fig. S2C) of ��m, cells were plated
in six replicates. Cells were treated with siRNA and loaded with
40 nM TMRM, as described above. For depolarized control,
cells were treated with FCCP for 5 min after loading with
TMRM. The medium was aspirated and replaced with whole
FluoroBrite medium. The fluorescence intensity of each well
was measured with 530 nm excitation and 590 nm emission.
Wells containing only medium were used to determine back-
ground fluorescence. Quantification of ��m reflects back-
ground-subtracted fluorescence intensity normalized to FCCP-
depolarized wells.

Mitochondrial morphology—MCF7 cells were plated onto
35-mm poly-L-lysine (Sigma)– coated No.1.5 glass-bottom
dishes (P35G-1.5-10-C, MatTek, Ashland, MA) and treated as
described above for siRNA transfection with starvation. On the
day of imaging, the medium was aspirated and replaced with
medium containing 50 nM MitoTracker Green FM (M7514,
Invitrogen), and the mixture was incubated for 45 min. Cells
were rinsed twice in PBS and incubated in medium containing
NucBlue Hoescht 33342 stain (R37605, Invitrogen, 1 drop/ml)
for 15 min at 37 °C. The medium was aspirated and replaced
with serum-free FluoroBrite DMEM with 1 g/liter glucose.
Cells were imaged on a GE Deltavision OMX SR microscope.

After loading (as described above), cells were placed in a
humidified chamber with 5% CO2 at 37 °C and imaged using a
60
 oil immersion objective (Olympus). Nuclei were excited
with a 405-nm laser at 15% T for 100 ms and captured at 435
nm. MitoTracker Green FM was excited with a 488-nm laser at
30% T for 150 ms and captured at 528 nm. All images were
acquired with the same settings. Images were quantified and
processed using ImageJ software. The mitochondrial morphol-
ogy quantification shown in Fig. 5, F and G, was done using the
“Mitochondrial Morphology” ImageJ plugin (68).

Mitochondrial photoactivation—Cells were co-transfected
with siRNAs (see above) and plasmids encoding mito-paGFP,
mito-dsRed, and murine dAKAP1–SNAP (rescue cells) using
Lipofectamine 2000. Cells were incubated in transfection
medium for 24 h at 37 °C. The transfection medium was
removed and replaced with serum-free DMEM with 1 g/liter
glucose, and the mixture was incubated for an additional 48 h.
On the day of imaging, cells were removed from the medium,
loaded with 30 nM SNAP-Cell� 647-SiR (New England Biolabs,
Ipswich, MA), and incubated at 37 °C for 30 min to label
dAKAP1–SNAP. After incubation, the cells were rinsed three
times in PBS followed by incubation in serum-free medium for
an additional 30 min. The medium was replaced with warmed
serum-free medium and moved to a 5% CO2 microscope cham-
ber for imaging at 37 °C.

Cells were imaged on a GE Deltavision OMX SR microscope
and imaged using a 60
 oil immersion objective (Olympus).
Z-stacks were acquired every 0.5 �m over 2 �m. Quantification
was done on sum intensity Z-projections, whereas representa-
tive images are displayed as maximum intensity Z-projections.
Mitochondrial paGFP was photoactivated with a 405-nm laser
at 1% T for 2 ms in a 1-�m diameter spot. The activated mito-
paGFP fluorescent signal was excited at 488 nm and captured at
528 nm. Mitochondrial dsRed fluorescence was excited at 568
nm and captured at 609 nm. For dAKAP1–SNAP rescue cells,
SNAP cell 647-SiR was excited at 640 nm at 20% T for 30 ms and
captured at 683 nm. Images were captured every 2 min, starting
2 min before activation (time � �2 min) for 30 min. Time 0
min corresponds to the time point immediately following
initial photoactivation. All images were acquired with the
same settings.

Quantification of photoactivated mitochondria diffusion—
To quantify the diffusion of fluorescence intensity outside of
the activated region over time, a polygon was drawn using
ImageJ software to contain the entire cell, carefully excluding
only the photoactivated region at t � 0 min, and integrated
fluorescence intensity was measured. The excluded area was
defined by connecting the outermost edges of the photoacti-
vated mitochondrial region and varied dependent on the elon-
gation and interconnection of the mitochondrial network. The
diffusion of photoactivated fluorophore outside of the activated
region was then calculated by subtracting background so that
t � 0 min was equal to 0 for each time point and expressed as a
percentage of the initial (t � 0 min) integrated fluorescence
intensity within the activated region.

Rate of diffusion and mitochondrial connectivity—The rate of
diffusion was calculated as the difference between the inte-
grated fluorescent intensity outside of the activated region
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(quantification described above) at the final time point (t � 28
min) from that at the time of activation (t � 0 min) divided by
time (28 min). Mitochondrial connectivity was determined as
the area of activated region determined by binary mask (Isodata
ImageJ algorithm) of image at time of activation (t � 0). Images
were quantified and processed using ImageJ software.

Migration into wounds—Relevant cell lines were seeded into
4-chamber, glass bottom, tissue culture–treated dishes (Gre-
nier Bio-One, Monroe, NC) to achieve a confluent monolayer
at the time of the assay. Cells were loaded with 50 nM Mito-
Tracker Green FM for 1 h in a 37 °C, 5% CO2 incubator. Cells
were rinsed once in PBS and incubated in CO2-buffered
FluoroBrite (Gibco) medium � 10% FBS for 30 min. Monolay-
ers were gently scratched with a P10 pipette tip to induce a
wound-healing response and then immediately rinsed twice in
PBS. Cells were returned to CO2-buffered FluoroBrite medium
� 10% FBS in a humidified 37 °C, 5% CO2 imaging chamber on
a Keyence BZ-X710 using a 20
 magnification objective. Cells
were imaged every 10 min for 18 h.

Quantification of mitochondrial migration and MLI—Veloc-
ity of migration was quantified by analyzing the migration of
individual cells into the wound region. Distance traveled at the
leading edge was determined for a minimum of 15 cells over the
span of 1 h (6 images) under each condition, over the course of
three independent experiments.

The MLI of individual cells migrating into the wound region
was calculated as described (58), with a slight modification to
avoid the photosensitivity observed when nuclei were imaged.
This modification involved setting the cell centroid as the cen-
troid of the line drawn from the trailing edge to the leading edge
(Fig. 7, J–L, black dots) rather than the nucleus. The MLI was
calculated as the ratio of integrated density anterior of the
centroid over that of the total line (thus MLI � 1). The MLI
of each migrating cell was measured repeatedly in a sequence
of five time steps and averaged. Indexes less than 0.35 were
scored as “posterior” localization, greater than 0.65 were
scored as “anterior” localization, and MLI numbers between
these values were considered generally mislocalized, as
described previously (58).

Patient-derived samples—Breast cancer tumor samples (Fig.
2I, patients A–C) were obtained from Northwest BioSpecimens
following the guidelines of “nonhuman research” study proce-
dures from the Human Subjects Division at the University of
Washington. The remaining samples were obtained through
commercial sources such that patient privacy was protected
by the manufacturer (tumor lysate, OriGene, Fig. 2I, patient
D; tissue slice microarray, U.S. BioMax, Fig. 1, A–H).

Statistical analysis—All data are presented as the mean �
S.E. unless otherwise indicated. Sample size (n) indicates the
number of independent experiments represented in amalgam-
ated data; total cell numbers used in these experiments are indi-
cated. Statistical significance was typically determined using
unpaired, two-tailed Student’s t test. When variances were
determined to be significantly different, Welch’s correction was
applied. Significance between �2 samples (Figs. 3C and 4B) was
calculated using one-way ANOVA with Tukey’s test for multi-
ple comparisons. In all cases, significance was determined as
p � 0.05. Significance as indicated in figures: *, p � 0.05; **, p �

0.01; ***, p � 0.001; and ****, p � 0.0001. All statistical analyses
were performed in GraphPad Prism7 software.

Data and materials availability—All data generated that
support the findings of this study are available from the corre-
sponding author upon reasonable request.
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