10

15

20

25

30

35

bioRxiv preprint doi: https://doi.org/10.1101/2021.08.10.455713; this version posted August 10, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC 4.0 International license.

Laterally transferred macrophage mitochondria act as a signaling source promoting cancer
cell proliferation

Authors: Chelsea U. Kidwell'{, Joseph R. Casalini'f, Soorya Pradeep?, Sandra D. Scherer?,
Daniel Greiner?, Jarrod S. Johnson?, Gregory S. Olson*, Jared Rutter:>%, Alana L. Welm?,
Thomas A. Zangle?®, Minna Roh-Johnson®-6*

Affiliations:

'Department of Biochemistry, University of Utah School of Medicine; Salt Lake City, UT
84112, USA

?Department of Chemical Engineering, University of Utah; Salt Lake City, UT 84112, USA

3Department of Oncological Sciences, Huntsman Cancer Institute, University of Utah; Salt
Lake City, UT 84112, USA

“Medical Scientist Training Program, University of Washington; Seattle, WA 98195, USA

*Howard Hughes Medical Institute, University of Utah School of Medicine; Salt Lake City
Utah, 84112, USA

®Huntsman Cancer Institute, University of Utah; Salt Lake City, UT 84112, USA

*Corresponding author. Email: roh-johnson@biochem.utah.edu
+ These authors contributed equally to this work.

Abstract:

Lateral transfer of mitochondria occurs in many physiological and pathological conditions.
Given that mitochondria provide essential energy for cellular activities, mitochondrial transfer is
currently thought to promote the rescue of damaged cells. We report that mitochondrial transfer
occurs between macrophages and breast cancer cells, leading to increased cancer cell
proliferation. Unexpectedly, transferred macrophage mitochondria are dysfunctional, lacking
mitochondrial membrane potential. Rather than performing essential mitochondrial activities,
transferred mitochondria accumulate reactive oxygen species which activates ERK signaling,
indicating that transferred mitochondria act as a signaling source that promotes cancer cell
proliferation. We also demonstrate that pro-tumorigenic M2-like macrophages exhibit increased
mitochondrial transfer to cancer cells. Collectively, our findings reveal how mitochondrial
transfer is regulated and leads to sustained functional changes in recipient cells.

One-Sentence Summary: Lateral transfer of macrophage mitochondria acts as a ROS signaling
source, regulating cancer cell proliferation through ERK signaling.
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Main Text:

Recent studies reveal that mitochondrial lateral transfer, the movement of mitochondria from one
cell to another, can affect cellular and tissue homeostasis (1, 2). Most of what we know about
mitochondrial transfer stems from bulk cell studies and have led to the paradigm that functional
transferred mitochondria restore bioenergetics and revitalize cellular functions to recipient cells
with damaged or non-functional mitochondrial networks (3). However, mitochondrial transfer
also occurs spontaneously between cells with functioning endogenous mitochondrial networks
and enhances energy-consuming processes such as invasion and proliferation in the recipient
cells. The mechanisms underlying how transferred mitochondria can promote such sustained
behavioral reprogramming remain unclear.

Cancer cells with macrophage mitochondria exhibit increased proliferation

We previously reported that macrophages transfer cytoplasmic contents to cancer cells in vitro
and in vivo (4), and hypothesized that a macrophage/cancer cell system would be ideal for
probing mitochondrial transfer in cells with functioning mitochondrial networks. Our studies
employed blood-derived human macrophages and a human breast cancer cell line, MDA-MB-
231 (231 cells), stably expressing a mitochondrially localized mEmerald or red fluorescent
protein (mito-mEm or mito-RFP, respectively) (Fig. 1A). We observed mitochondrial transfer
from macrophages to 231 cells using live cell confocal microscopy (Fig. 1B, arrowheads) and
flow cytometry (Fig. 1C-D, flow cytometry scheme in Fig. S1A). A range of transfer efficiencies
were observed, which we attribute to donor-to-donor variability (Fig. 1D). We also observed
mitochondrial transfer to a non-malignant breast epithelial cell line, MCF10A, albeit at lower
rates (Fig. S1B). Transferred mitochondria contain a key outer mitochondrial membrane protein,
TOMMZ20 (Fig. S1C, arrowhead) and mitochondrial DNA (Fig. S1D, arrowhead), suggesting
that intact organelles are transferred to 231 cells. To define the requirements for transfer, we
performed trans-well experiments in which we cultured 231 cells either physically separated
from macrophages by a 0.4uM trans-well insert or in contact with macrophages (scheme in Fig.
S1E), or with conditioned media (Fig. S1G). These data showed that mitochondrial transfer
increased dramatically under conditions where 231 cells could contact macrophages directly
(Fig. S1F-G). Due to the low rates of mitochondrial transfer across macrophage donors (0.84%,
Fig. 1D), we subsequently took advantage of single cell, high-resolution approaches — rather than
bulk approaches — to follow the fate and functional status of transferred mitochondria.

To determine the effects of macrophage mitochondrial transfer on cancer cells, we performed
single cell RNA-sequencing on cancer cells that received macrophage mitochondria. These data
revealed that mitochondrial transfer induced significant changes in canonical cell proliferation-
related pathways (Fig. S2A). To follow up on the RNA-sequencing results, we used flow
cytometry to evaluate cell cycle changes, and found significant increases in the percent of cells
within the G2 and Mitotic (M) phases of the cell cycle in recipient cells, as compared to their co-
cultured counterparts that did not receive mitochondria (Fig. 1E, flow cytometry scheme in Fig.
S2B, Fig. S2C-D). These cells were not undergoing cell cycle arrest, as we found that recipient
cells completed cytokinesis at rates equivalent to their co-cultured non-recipient counterparts
(Fig. S2E). For further confirmation of this proliferative phenotype, we used quantitative phase
imaging (QPI) to detect changes in dry mass of co-cultured 231 cells over time (5). Consistent
with the flow cytometry-based cell cycle analysis, the specific growth rates increased
significantly in 231 cells with macrophage mitochondria compared to 231 cells that did not
receive mitochondria (Fig. 1F). Using QPI, we also measured the growth rates of daughter cells
born from recipient 231 cells containing macrophage mitochondria (6). Daughter cells that
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inherited the “mother’s” macrophage mitochondria exhibited an increase in their rate of change
of dry mass over time versus sister cells that did not inherit macrophage mitochondria (Fig. S3A-
C). These data indicate the enhanced proliferation observed after mitochondrial transfer is not
simply due to proliferative cells more readily receiving transfer. Furthermore, these results
indicate that mitochondrial transfer promotes a sustained pro-growth and proliferative effect in
both recipient and subsequent daughter cells.

Transferred mitochondria accumulate reactive oxygen species in cancer cells

We next sought to understand how donated mitochondria can stimulate a proliferative response
in recipient cells. We performed time-lapse confocal microscopy on co-cultures and found that
macrophage-derived mito-mEm+ mitochondria remained distinct from the recipient host
mitochondrial network, with no detectable loss of the fluorescent signal for over 15 hours (Fig.
2A, arrowhead; Movie S1). To probe the functional state of the donated mitochondria, we
performed live imaging with MitoTracker Deep Red (MTDR), a cell-permeable dye that is
actively taken up by mitochondria with a membrane potential (7). To our surprise, all of the
transferred mitochondria were MTDR-negative (Fig. 2B, top left). This was also confirmed
using a different mitochondrial membrane potential-sensitive dye, Tetramethylrhodamine Methyl
Ester (TMRM,; Fig. S1D). We also labeled lysosomes and acidic vesicles with a dye,
LysoTracker, and found that the majority of transferred mitochondria (57%) did not co-localize
with the LysoTracker signal (Fig. 2B, top right). The status of transferred mitochondria was
unexpected because mitochondria typically maintain strong membrane potentials, and
dysfunctional mitochondria that lack membrane potential are normally degraded or repaired by
fusion with healthy mitochondrial networks (8). In addition, we confirmed that 91% of
transferred mitochondria were not encapsulated by a membranous structure, thus excluding
sequestration as a mechanism for explaining the lack of degradation or interaction with the
endogenous mitochondrial network (Fig. S4A).

Our work indicates that transferred macrophage mitochondria are depolarized but remain in the
recipient cancer cell. Therefore, we hypothesized that donated mitochondria act as signal source
rather than energy. One signal associated with mitochondria is reactive oxygen species (ROS),
which normally occur as byproducts of mitochondrial respiration, and can be produced at high
levels during organellar dysfunction (9). Using a genetically encoded biosensor, mito-Grx1-
roGFP2, as a live readout of the mitochondrial glutathione redox state (10), we found that after
24 and 48 hours, significantly higher ratios of oxidized:reduced protein were associated with the
transferred mitochondria versus the host network (Fig. 2C-D, S4B). These data indicate that
transferred macrophage mitochondria in recipient cells are associated with higher levels of
oxidized glutathione, suggesting that they are producing higher amounts of ROS. Consistent with
these results, a second biosensor that is specific for the ROS H202, mito-roGFP2-Orp1 (11), also
reported more oxidation at the transferred mitochondria compared to the host network (Fig. S4C-
D) after 48 hours of co-culture. At 24 hours, we observed a similar trend, but no statistically
significant difference (Fig. S4D). These results indicate ROS accumulates at the site of
transferred mitochondria in recipient cancer cells.

ROS accumulation leads to ERK-dependent recipient cell proliferation

To test whether ROS accumulation can induce cancer cell proliferation, we stably expressed a
mitochondrially localized photosensitizer, mito-KillerRed, which generates ROS when
photobleached with 547nm light (12). As expected, photobleaching mito-KillerRed+ regions of
interest induced ROS (13) (Fig. S5A) and also significantly increased the rate of cell division
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compared to control (mito vs. cyto bleach; Fig. 3A, S5B-C). These results indicate that ROS
induction can promote cancer cell proliferation. ROS induces several downstream signaling
pathways (9, 14). Consistent with this regulation, we found a significant increase in ERK
signaling in recipient cancer cells, as assayed using the ERK-Kinase Translocation Reporter
(ERK-KTR) (15), which translocates from the nucleus to the cytoplasm when ERK is activated
(ERK-KTR quantification described in Fig. S6-7). Recipient 231 cells had significantly higher
cytoplasmic to nuclear (C/N) ERK-KTR ratios compared to cells that did not receive transfer,
indicating increased ERK activity (Fig. 3B-C, S8A-B).

We next asked whether recipient cell proliferation was caused by ROS-induced ERK activation.
By expressing both the mito-KillerRed and ERK-KTR in 231 cells, we show that photobleaching
KillerRed+ mitochondria induced ERK-KTR translocation, indicating that ROS induction is
sufficient to increase ERK activity in cancer cells (Fig. 3D-E, S8C). Furthermore, treatment with
an ERK inhibitor (ERKI) was sufficient to inhibit ERK activity (Fig. S9A-B) and specifically
decreased proliferation of recipient 231 cells versus control (Fig. 3F, S9C), providing further
evidence that mitochondrial transfer increases ERK-dependent proliferation. As expected, ERKIi
treatment did not alter mitochondrial transfer efficiencies, showing that ERK signaling does not
influence mitochondrial transfer (Fig. S9D). Together, these results indicate that cancer cells that
receive macrophage mitochondria proliferate in response to ROS accumulation in an ERK-
dependent manner.

Pro-tumorigenic M2-like macrophages transfer more mitochondria to patient-derived cells
In many solid tumors, macrophages alter their differentiation status depending on environmental
stimuli (16). Therefore, we next tested how macrophage differentiation status affects
mitochondrial transfer using pro-inflammatory M1-like and pro-tumorigenic M2-like
macrophage subtypes (17) (Fig. S10A). We observed that mitochondria that were transferred
from both M1-like and M2-like macrophages were depolarized in recipient 231 cells (Fig.
S10B). However, M2-like macrophages exhibited increased mitochondrial fragmentation (Fig.
4A-B, S10C-E) and transferred mitochondria to 231 cells more efficiently (Fig. 4C) than did
M1-like and MO (unstimulated) macrophages. Given this observation, we hypothesized that
smaller mitochondrial fragments might be transferred more readily than larger networks. To test
this hypothesis, we directly manipulated mitochondrial morphology by modulating a key
regulator of mitochondrial fission, DRP1 (18). Macrophages which expressed either DRP1-
SshRNA (hyper-fused networks) or mCherry-DRP1 overexpression (hyper-fragmented networks)
(Fig. 4D, S10F-G) showed decreased or increased mitochondrial transfer, respectively (Fig. 4E),
indicating that mitochondrial morphology can alter the efficiency of mitochondrial transfer.
These data provide a fascinating example of how the intracellular dynamics of one cell can
influence how it affects the behavior of a neighboring cell.

To assess whether mitochondrial transfer also occurs in a clinically relevant cancer model, we
used three-dimensional stable organoid cultures generated from patient-derived xenografts
(PDxO0s) (19). We examined organoids from a recurrent primary breast tumor (HCI-037) and a
bone metastasis (HCI-038) derived from the same breast cancer patient. PDxOs (Fig. S11A, top)
were dissociated, combined with mito-mEm+ macrophages (Fig. S11A, bottom), and then
embedded in Matrigel (experimental scheme in Fig. S11B). After 72 hours, mitochondrial
transfer was assayed by live imaging (Fig. 4F) and quantified with flow cytometry (Fig. 4G,
flow cytometry scheme in Fig. S11C). Mitochondrial transfer was observed from macrophages
to both HCI-037 and HCI1-038 PDxO cells (Fig. 4G), although intriguingly, M2-like
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macrophages preferentially transferred mitochondria to the bone metastasis PDxO cells (HCI-
038) when compared to primary breast tumor PDxO cells (HCI-037). In all cases, transferred
macrophage mitochondria lacked membrane potential (Fig. 4F), consistent with our results in
231 recipient cells. Taken together, our work supports a model (Fig. 4H) whereby M2-like
macrophages exhibit mitochondrial fragmentation, allowing for enhanced mitochondrial transfer
to cancer cells. In the recipient cancer cell, transferred mitochondria are long-lived, depolarized,
and accumulate ROS, leading to increased ERK activity and subsequent cancer cell proliferation.

Lateral mitochondrial transfer is a relatively young and rapidly evolving field. Our observation
that transferred mitochondria lack membrane potential raises several questions, including when
and how transferred mitochondria become depolarized and why they are not repaired or
degraded in the recipient cell, given that 231 cells are capable of performing mitophagy (20).
Impaired mitophagy and enhanced mitochondrial dysfunction are hallmarks of age (21), yet little
is known about how donor cell mitochondrial health influences mitochondrial transfer. Given
that most cancers are age-related diseases, our findings prompt further investigation into how
age-associated macrophage mitochondrial dysfunction may contribute to mitochondrial transfer
and tumor progression.

Our findings are consistent with several studies describing a metastatic advantage in cancer cells
that receive exogenous mitochondria (22, 23). However, the mechanism underlying this behavior
IS unexpected. Studies examining mitochondrial transfer have typically used recipient cells with
damaged or non-functional mitochondria, and the fate and function of donated mitochondria are
rarely followed in recipient cells. Furthermore, it was largely unclear how transferred
mitochondria can affect the behavior of recipient cells with functioning endogenous
mitochondrial networks, particularly if the donated mitochondria only account for a small
fraction of the total mitochondrial network in the recipient cell. Our work detailing how
transferred mitochondria can function as a signaling source provides an explanation for how
transferred mitochondria can generate in a sustained behavioral response in recipient cells.
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Fig. 1. Cell contact-mediated transfer of macrophage mitochondria leads to increased
cancer cell proliferation. (A) CD14+ monocytes harvested from human blood are transduced
and differentiated for 6 days. Mito-mEm+ macrophages (green) are co-cultured with MDA-MB-
231 cells (231 cells) expressing mito-red fluorescent protein (mito-RFP; magenta; right image).
(B) Confocal image showing transferred mitochondria (green, arrowhead) in a 231 cell (magenta,
cell outline in white). (C) Representative flow cytometry plots depicting mitochondrial transfer
(black box) within a population of co-cultured mito-RFP+ 231 cells (right) compared to
monoculture control (left) with background level of mEmerald fluorescence set at 0.2%. (D)
Aggregate data of mitochondrial transfer rates across macrophage donors. Each data point
represents one replicate (N=14 donors). (E) Ki-67 levels and DNA content was measured in co-
cultured 231 cells after 24 hours. Percentage of cancer cells within a specific cell cycle phase
with or without transfer is shown. A significantly different percent of recipient cells occupies G2
and M (black) compared to non-recipient cells (N=5 donors; statistics for G2/M only). (F) Co-
cultured recipient 231 cells have a significantly higher specific growth rate compared to non-
recipients (N=4 donors indicated as shades of gray). For all panels, standard error of the mean
(SEM) is displayed and scale bars are 10 um. Unpaired t-test with Welch’s correction, *p<0.05;
**p<0.01; ***p<0.0001.
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Fig. 2. Transferred macrophage mitochondria are long-lived, depolarized, and accumulate
reactive oxygen species. (A) Stills from time-lapse imaging depicting the longevity of the
transferred mitochondria (green, arrowhead) within a 231 cell (magenta, cell outline in white).
Time elapsed listed in left corner. (B) Confocal image of a mito-RFP+ 231 cell (magenta)
containing macrophage mitochondria (green, arrowhead) stained with MTDR (yellow) and
LysoTracker (teal). MTDR does not accumulate in 100% of donated mitochondria (N=25 cells, 5
donors). Majority (57%) of donated mitochondria do not colocalize with LysoTracker signal
(N=24 cells, 4 donors). (C) Ratiometric quantification of mito-Grx1-roGFP2 biosensor mapped
onto the recipient 231 cell with fire LUT (top panel). Confocal image of mito-Grx1-roGFP2-
expressing 231 cell (bottom right, green and yellow) containing a macrophage mitochondria
(bottom left, red, arrowhead). (D) Ratiometric measurements of the mito-Grx1-roGFP2 sensor
per 231 cell (paired dots) at a region of interest containing the host mitochondrial network (host)
or a transferred mitochondria (transfer). Cells were co-cultured for 24 hours (N=27 cells, 3
donors indicated in shades of gray). Scale bars are 10 um. Wilcoxon matched-pairs signed rank
test, ****p<0.0001.
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Fig. 3. Recipient cancer cells exhibit ERK-dependent proliferation. (A) Quantification of cell
division after photobleaching. Each data point is the average within a field of view (N=13
experiments), with control (cyto) and experimental (mito) data shown as paired dots per
experiment. (B) ImageStream was used to measure the MFI of an ERK-Kinase Translocation
Reporter (ERK-KTR, orange) in the nucleus (DAPI, blue) or cytoplasm of co-cultured 231 cells
that did (right) or did not (left) receive mitochondria (green, arrowhead). Below: representative
line scans (white dotted lines) of ERK-KTR (orange) and DAPI (blue). (C) Average ERK
activity from data displayed in (D) (cytoplasm/nucleus (C/N) mean fluorescence intensity (MFI);
N=3 donors indicated as shades of gray). (D) Confocal images of 231 cells expressing ERK-
KTR (green) and Mito-KillerRed (magenta) with Hoechst 33342 (blue), after control
cytoplasmic bleach (cyto, left) or mito-KillerRed+ bleach (mito, right). Below: representative
line scans (white dotted lines) of ERK-KTR (green) and DAPI (blue). (E) Quantification of
ERK-KTR translocation 40 minutes post-bleach (cyto vs. mito), normalized to time 0. (F) Cell
cycle analyses of co-cultured 231 cells treated with vehicle or ERK inhibitor (ERKIi) with or
without transfer (N=3 donors; statistics for G2/M only). Error bars represent SEM and scale bars
are 10 um. Wilcoxon matched-pairs signed rank test (A), Unpaired t-test (C, E), 2-way ANOVA
(F), *p<0.05; **p<0.01; ****p<0.0001.
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Fig. 4. M2-like macrophage activation alters mitochondrial morphology and promotes
transfer to breast cancer cells and patient-derived xenograft organoid (PDxO) cells. (A)
Representative images of mito-mEm+ macrophages that were non-stimulated (MO, left) or
activated to become M1-like (middle) or M2-like (right). (B) Mitochondrial network analyses
(MiNA) were used to determine number of mitochondrial fragments per cell (N=2 donors). (C)
Macrophages were co-cultured with mito-RFP 231 cells for 24 hours and transfer was quantified
with flow cytometry (N=4 donors). (D) Representative images of mito-mEm (green)
macrophages with genetic modifications as indicated in upper left corner of each panel. (E) Rates
of mitochondrial transfer with DRP1-knockdown (KD; left) or DRP1-overexpression (OE; right)
macrophages compared to appropriate controls (N=2 donors). (F) Representative image of a
FACS-isolated PDxO cell containing macrophage mitochondria (green, arrowhead) that are
MTDR-negative. (G) Rate of mitochondrial transfer to HCI-037 (left 3 columns) or HCI-038
(right 3 columns) PDxO cells from MO or M2 macrophages (each dot is one replicate, N=4
donors). (H) Working model for macrophage mitochondrial transfer to breast cancer cells. For all
panels, individual donors are indicated as shades of gray with each cell as a data point (except
Fig. 4G), SEM is displayed and scale bars are 10 um. 2-way ANOVA (B-C, G), Unpaired t-test
(E), *p<0.05, **p<0.01; ***p<0.001; ****p<0.0001.
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