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SUMMARY

Ovarian cancer is characterized by early metastatic spread. This study demonstrates that
carcinoma-associated mesenchymal stromal cells (CA-MSCs) enhance metastasis by increasing
tumor cell heterogeneity through mitochondrial donation. CA-MSC mitochondrial donation
preferentially occurs in ovarian cancer cells with low levels of mitochondria (“mito poor”). CA-
MSC mitochondrial donation rescues the phenotype of mito poor cells, restoring their proliferative
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capacity, resistance to chemotherapy, and cellular respiration. Receipt of CA-MSC-derived
mitochondria induces tumor cell transcriptional changes leading to the secretion of ANGPTL3,
which enhances the proliferation of tumor cells without CA-MSC mitochondria, thus amplifying
the impact of mitochondrial transfer. Donated CA-MSC mitochondrial DNA persisted in recipient
tumor cells for at least 14 days. CA-MSC mitochondrial donation occurs /n vivo, enhancing tumor
cell heterogeneity and decreasing mouse survival. Collectively, this work identifies CA-MSC
mitochondrial transfer as a critical mediator of ovarian cancer cell survival, heterogeneity, and
metastasis and presents a unique therapeutic target in ovarian cancer.

In brief

Frisbie et al. demonstrate that stromal-to-tumor cell mitochondrial transfer drives ovarian

cancer metastasis and clonal heterogeneity. Carcinoma-associated mesenchymal stem cells donate
mitochondria to vulnerable tumor cells, enhancing tumor cell proliferation, chemoresistance, and
respiratory capacity and triggering ANGPTLS3 secretion to further promote tumor growth. These
findings offer a potential therapeutic target for ovarian cancer.
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INTRODUCTION

Ovarian cancer is the deadliest gynecologic malignancy in the Western world, notorious for
its difficult detection, rapid metastatic spread, and development of chemotherapy resistance.!
A major mediator of metastasis and chemotherapy resistance is genetic heterogeneity of
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cancer cells within the tumor.2=4 Enhanced tumor cell (TC) clonal heterogeneity is an
independent prognostic factor for decreased survival in ovarian cancer patients.>~" The
mechanisms that enhance TC clonal heterogeneity in ovarian cancer are unclear, although
increasing evidence suggests that the tumor microenvironment plays a critical role in
shaping TC behavior at both primary and metastatic sites.

Our previous work identified carcinoma-associated mesenchymal stromal cells (CA-MSCs)
as an essential component of the ovarian tumor microenvironment supporting ovarian cancer
growth, survival, chemotherapy resistance, and metastasis.8-1 Ovarian cancer CA-MSCs
are multipotent stromal cells that originate from epigenetic reprogramming of naive resident
tissue MSCs, inducing a phenotypic change that conveys pro-tumorigenic properties.8:11

A critical consequence of this pro-tumorigenic education is the high affinity of CA-MSCs

to bind to adjacent ovarian cancer cells.11 CA-MSCs directly interact with ovarian cancer
cells, forming heterocellular complexes that cometastasize to distant organs.1! The physical
interaction between CA-MSCs and ovarian cancer cells appears to be a critical mediator of
metastasis, although the precise mechanism remains undefined.

MSCs interact with adjacent cells through various mechanisms, including donating their
mitochondria in times of stress. Horizontal mitochondrial transfer from MSCs to distressed
cells is demonstrated in numerous disease models and contributes to stromal-mediated
tissue revitalization in response to injury.12-16 Likewise, mitochondrial transfer can also
contribute to malignancy in leukemia, breast, ovary, colon, and lung cancers, among
others.16-20 Qvarian cancer cells disseminating into the peritoneal cavity must overcome
the selective pressure of the peritoneal/ascites microenvironment to successfully metastasize;
this selective pressure functions as a major bottleneck influencing cellular heterogeneity
by ensuring that only the hardiest TCs survive.21-23 We thus hypothesized that CA-

MSCs donate mitochondria to ovarian cancer cells to overcome these stresses and enable
metastasis, in turn, driving increased heterogeneity at metastatic sites.

Here, we demonstrate that CA-MSCs enhance the proliferation, therapy resistance, spread,
and distant organ colonization of ovarian TCs both /n vitro and in vivo by donating
mitochondria to metabolically vulnerable TCs, which in turn drives clonal heterogeneity. We
further explore the downstream impact of donated mitochondria in recipient TCs, identifying
mitochondrial-to-nuclear communication leading to pro-growth paracrine signaling via
ANGPTL3 secretion, suggesting horizontal mitochondrial transfer has a broader effect
outside of the recipient cell. This work presents mitochondrial transfer as an important
mechanism that drives clonal heterogeneity during ovarian cancer progression.

CA-MSCs increase ovarian cancer cell heterogeneity

Previous work demonstrated that CA-MSCs enhance the proliferation, chemotherapy
resistance, and metastasis of ovarian TCs Jn vitroand in vivo.%-1124 To elucidate

whether CA-MSCs also increase TC heterogeneity, a genomic DNA barcoding system was
incorporated into the high-grade serous ovarian cancer (HGSC) cell line OVCAR3, such
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that each TC contained one unique genetic barcode, enabling identification of individual TC
clones via DNA sequencing.

CA-MSCs were isolated from HGSC patient samples without prior treatment and validated
as previously described.11:25 Using a tail-vein injection model, TCs alone or TCs + CA-
MSCs were injected into NSG mice. CA-MSCs were injected in a 1:10 ratio with TCs
based on our prior work demonstrating equivalent CA-MSC:TC ratios in human ascites
complexes.!! A tail-vein model was used to bypass confounding effects of differential
primary tumor growth, thus enabling unadulterated assessment of clones that have entered
the circulation.28 After 21 days, when the first mouse met endpoint criteria, all mice were
euthanized and sites of TC colonization were quantified at necropsy. Liver, lung, abdomen,
ascites, and blood were isolated and used for DNA sequencing to identify TC clones. While
both TC alone and TC + CA-MSC groups demonstrated 100% TC colonization of the lung,
the TC + CA-MSC group demonstrated enhanced TC colonization/growth in the liver (100%
vs. 57%), abdomen (100% vs. 0%), and malignant ascites (63% vs. 0%) vs. the TC-only
group (Figure 1A). TC + CA-MSC co-injection versus TC alone resulted in significantly
higher clonal heterogeneity within tumor-involved organ sites, including the liver, lung, and
blood (Figures 1B-1D). While the TC-only group did not metastasize to the abdomen or
yield malignant ascites, the range of TC clonal heterogeneity in the TC + CA-MSC group
at these sites is included for completion (Figures 1E and 1F). Figure 1G demonstrates that
CA-MSC co-injection with TCs resulted in a greater total number of unique TC clones
within each tumor-involved organ site. When normalized for total tumor DNA content, the
number of unique barcodes per microgram of tumor DNA remained higher in the tumor
sites of mice injected with TC + CA-MSCs compared to TC alone (Table S1). Additionally,
Figure 1F demonstrates the overlap of clones seeding different organ sites in the TC +
CA-MSC group vs. the TC alone group, and displays unique clonal seeding/outgrowth

at different organ sites. As an additional quantification of TC clonal diversity, we also
compared the number of cells that arise from the top 50 most abundant clones/barcodes at
each primary and tumor-involved organ site in the TC and TC + CA-MSC groups (Figure
11). The TC + CA-MSC sites demonstrated a greater number of unique clones compared to
TC alone, indicating that the presence of CA-MSCs improved the survival and propagation
of a larger pool of cancer cell clones.

CA-MSCs transfer mitochondria to adjacent TCs

Multiple studies show that MSCs utilize direct connections to donate mitochondria to
adjacent cells in times of ischemic and metabolic stress, conditions that mirror the
hypoxemia and nutrient scarcity of the ovarian tumor microenvironment.12:27-30 As our
prior work demonstrated that direct contact between CA-MSCs and TCs was necessary to
enhance metastasis, we investigated whether direct interaction also drives TC heterogeneity
through mitochondrial donation.11 We generated stable lentiviral-transduced COX8-GFP
CA-MSC lines, which incorporate GFP into the subunit of cytochrome coxidase in
mitochondrial complex 1V, thereby labeling all endogenous CA-MSC mitochondria. TC
mitochondria were tagged with a COX8-dsRed lentivirus. Labeled CA-MSCs and TCs were
then grown in coculture and examined using live imaging and fixed confocal microscopy.
Within 24 h of coculture, CA-MSCs and TCs readily interacted with multiple points of
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direct contact, and GFP-labeled CA-MSC mitochondria were transferred to adjacent ovarian
TCs (Figure 2A and Video S1). Assessment of the z stacks of the confocal image verifies the
intracellular/cytoplasmic location of the CA-MSC-donated GFP-mitochondrial within the

To determine whether the mitochondrial transfer findings are generalizable to most CA-
MSCs, we tested the ability of six independent, patient-derived CA-MSCs to donate
mitochondria to three unique ovarian cancer cell lines: two established HGSC lines
(OVCARS3 and OVSAHO) and one primary patient-derived HGSC line (PT412). We directly
cocultured GFP-COX8 transduced CA-MSCs with CellTrace Blue-labeled cancer cells for
24 h. After coculture, cells were dissociated into single-cell suspension and extensively
washed, and flow cytometry was used to quantify the number of TCs that gained CA-MSC
mitochondria, based on CellTrace Blue and GFP* gating. Cell viability was assessed with
propidium iodide with both CA-MSC and TCs having over 90% viability at the time of
analysis. All six patient-derived CA-MSC lines were capable of donating mitochondria to
each cancer cell line tested; however, the amount of mitochondrial transfer varied among
the different CA-MSC donors (Figure 2B). To verify that no false signal was present due
to mitochondria sticking to the outside of the TC, we directly isolated COX8-GFP-tagged
mitochondria from CA-MSCs and incubated them with TCs for 5 min, followed by wash
and flow cytometric evaluation. Less than 0.5% of TCs had any green signal, indicating

a very low likelihood of exogenous mitochondria on the surface of the TC confounding

our flow cytometry results (Figure S1). Mitochondrial transfer between CA-MSCs and
TCs requires direct physical contact, as shown by the near-absence of mitochondrial
transfer when CA-MSCs and TCs were only allowed to indirectly interact through a
transwell system or with CA-MSC conditioned media (Figure 2C). We also examined the
capacity of CA-MSCs to donate mitochondria in comparison to hon-tumor-educated MSCs
derived from patients with benign conditions. While both normal MSCs and CA-MSCs
demonstrated an ability to donate mitochondria, CA-MSCs have an increased capacity for
donation compared to their tumor-naive counter-parts (Figure 2D). We performed a time
course of mitochondrial transfer from CA-MSC to the three different TC lines (OVCARS,
OVSAHO, and PT412) and compared this to the baseline proliferation rates of the TCs.
Figure S1 demonstrates peak mitochondrial transfer within 8-24 h (OVCAR at 24 h;
OVSAHO and PT412 at 8 h). This did not appear related to the proliferation rates of the TCs
(PT412 cells doubled in 24 h; OVSAHO and OVCAR3 cells doubled in 40 h). Again, cell
viability remained above 90% for all coculture experiments.

We next explored whether other physiologic conditions intrinsic to the ovarian tumor
microenvironment influence mitochondrial transfer. Tumors exist in three-dimensional
orientations, with cells interfacing in multiple planes. Additionally, to effectively
metastasize, TCs must detach from the primary tumor and survive under non-adherent
conditions. Our previous work demonstrated that CA-MSCs directly interact with TCs

to form heterocellular complexes that enhance metastasis and exist within ovarian

cancer malignant ascites.* We expanded on that knowledge by testing whether CA-MSC
mitochondrial transfer was impacted by non-adherent, spheroid conditions. We found that
TCs cocultured with CA-MSCs (which associate in a 10:1 ratio) under non-adherent
conditions exhibited a 2- to 4-fold increase in mitochondrial transfer compared to cocultures
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in standard adherent conditions (Figure 2E). Given that MSCs have been shown to

donate mitochondria under hypoxic stress, we also tested whether hypoxia influenced
CA-MSC mitochondrial transfer. CA-MSCs and TCs were grown under non-adherent
conditions in normoxic (21% O5) or hypoxic (1% O,) conditions. Hypoxia enhances
CA-MSC mitochondrial donation to OVCAR3 and PT412 TC lines 2-fold compared to
normoxia (Figure 2F). While these results demonstrate that stressors characteristic of

HGSC microenvironments enhance stromal mitochondrial donation, these 7 vitro assays are
limited in their ability to model the complex environmental stressors encountered /7 vivo and
in situ, such as fluid shear stress and peritoneal compression, and they likely underrepresent
the amount of transfer that is truly occurring.21:31:32

We next examined whether intrinsic characteristics of the TCs affect mitochondrial donation
from CA-MSCs. CA-MSCs from patients 3, 4, and 5, which demonstrated average amounts
of mitochondrial donation across the patient samples tested, were used for subsequent
experiments. We tested whether the endogenous mitochondrial content within TCs altered
CA-MSC mitochondrial gain. TCs were stained with MitoTracker Deep Red, a dye that

is taken up by actively respiring mitochondria, and TCs were sorted by flow cytometry

into TCs with the highest (top 20%) and lowest (bottom 20%) respiring mitochondrial
content. Baseline mitochondrial distribution per cell is represented in Figure S1D. We
observed that TCs with the lowest MitoTracker Deep Red staining, referred to as “mito
poor” TCs, received significantly more CA-MSC-donated mitochondria compared to TCs
with the highest MitoTracker staining, referred to as “mito rich” TCs (Figures 2G and S1).
This phenomenon was replicated and consistent across three HGSC cell lines and CA-MSCs
derived from three different HGSC patients (Figure 2G).

CA-MSC coculture enhances mito poor TC proliferation and chemotherapy resistance and
restores metabolic fitness

To elucidate why CA-MSCs preferentially donate mitochondria to mito poor TCs, we first
assessed the baseline phenotypic differences between the mito poor TCs vs. the mito rich
TCs. The proliferation rate for each group was quantified through manual cell counting.
The mito poor TCs demonstrated remarkably less proliferation compared to the mito rich
TCs (Figures 3A-3Ci). We then assessed the proliferation of the mito poor and mito rich
TCs following 24 h of CA-MSC coculture. The mito poor and mito rich TC groups were
flow sorted by their initial endogenous mitochondrial bulk, not accounting for mitochondria
gained from CA-MSCs, through staining TC mitochondria prior to coculture. CA-MSC
coculture led to significant increases in proliferation in the mito poor TCs, effectively
restoring their proliferative capacity equal to that of the mito rich TCs (Figures 3A-3Cii).

Surprisingly, despite being less proliferative, the mito poor TCs were also more susceptible
to cisplatin treatment at baseline compared to the mito rich TCs. Figures 3D-3Fi
demonstrate the survival of mito poor vs. mito rich TCs to increasing doses of cisplatin.

To determine the impact of CA-MSC coculture on mito poor vs. mito rich TCs, CA-MSCs
and mito poor TC vs. mito rich TCs were cocultured for 24 h. TCs were then separated from
CA-MSCs via flow sorting and were treated with cisplatin. Viable TCs were counted after
48 h of cisplatin treatment. CA-MSC coculture enhanced the chemotherapy resistance of the
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mito poor TCs to a level equal to the mito rich TCs without coculture. The proliferation
and chemotherapy resistance assays for the mito poor and mito rich TCs with and without
CA-MSC coculture were repeated in triplicate and with three independent ovarian TC
lines. Collectively, these data demonstrate that TCs with less endogenous mitochondria
preferentially receive CA-MSC mitochondria and that coculture with CA-MSCs enhances
the proliferation and cisplatin resistance of mito poor TCs.

We validated the above experiments using an autologous paired patient sample, where

TCs and CA-MSCs were isolated from the same patient with HGSC to ensure that

the mitochondrial transfer and rescue of mito poor TCs is not influenced by a lack of
coevolution of the mtDNA and nuclear genomes.33 We first verified that CA-MSCs donated
mitochondria to its autologous TC pair (Figure S2A). We then isolated the mito poor TCs
from the paired sample and tested the proliferation and chemotherapy sensitivity of the
mito poor TCs alone or after CA-MSC coculture. Figure 3G demonstrates that CA-MSC
coculture similarly enhances the proliferation and survival of autologous mito poor TCs.

CA-MSC mitochondrial donation induces ANGPTL3 secretion in recipient ovarian TCs to
drive proliferation

While CA-MSC mitochondrial transfer leads to a significant increase in the proliferation

of vulnerable ovarian TCs, mitochondrial transfer occurs in only one-third of the mito

poor population, suggesting that mito transfer elicits changes in the recipient cells that

are propagated to the remaining cell population (Figure 2G). To test whether CA-MSC
mitochondrial transfer induced proliferation solely in recipient mito poor ovarian TCs or
within the entire mito poor population, we isolated the mito poor TCs that either received

or did not receive mitochondria from CA-MSCs (termed TC*MitoTrans gnd TC-MmitoTrans
respectively) via fluorescence-activated cell sorting (FACS). TC*mitoTrans ce||s demonstrated
a significant growth advantage over TC~MitoTrans ce||s (Figure 4A). However, when we
cocultured TC*MitoTrans gnd TC-MitoTrans ce||s (labeled with CellTrace Violet and CellTrace
Red, respectively), TC™MitoTrans ce||s demonstrated enhanced proliferation, reaching a
growth rate similar to that of TC*MitTrans ce|s (Figure 4B). This indicates that TCs that
received mitochondria from CA-MSCs act on TCs that did not receive CA-MSC-derived
mitochondria to enhance overall growth. To investigate the mechanism of this enhanced
proliferation, we first tested whether there was transfer of mitochondria from TC*mitoTrans
to TCMitoTrans ge||s, TC*MitoTrans ce||s Jabeled with MitoTracker Red were cocultured with
TCmitoTrans ce||s: however, no mitochondrial transfer was observed (Figures S2B and S2C).

We next hypothesized that the transfer of mitochondria from CA-MSCs induces
transcriptional changes in recipient TCs that subsequently drive pro-growth paracrine
signaling from TC*MitoTrans {5 non-recipient TC™Mit0Trans ce|ls, RNA sequencing of paired
TC*mitoTrans g TC-mitoTrans cel|s was carried out to determine the factors underlying

the enhancement of TC-MitoTrans proliferation by TC*MitoTrans ce||s (Figures 4C and S3).
The secreted cytokine angiopoietin-like protein 3 (ANGPTL3) was identified as one of the
most significantly upregulated differentially expressed genes and was the most significantly
upregulated secreted protein in TC*MitoTrans ce||s vs, their paired TC-MIOTrans ce||s (Figure
4Ci). ANGPTL3 upregulation was independently confirmed via gPCR and western blotting
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(Figures 4Cii and 4Ciii). Canonically, ANGPTL3 is a multifunctional cytokine with roles

in mediating lipid metabolism and angiogenesis; however, recent work has demonstrated an
emerging role in promoting tumor progression, including as a driver of cellular proliferation
via MAPK/ERK activation.34-36 We observe an enrichment in the MAPK signaling pathway
in TC cells (Figure 4Civ). We therefore hypothesized that CA-MSC mitochondrial transfer
induced ANGPTL3 secretion in recipient TCs, which then drives proliferation in non-
recipient TCs through the activation of MAPK signaling.

The ability of ANGPTL3 to induce proliferation in ovarian TCs was tested by treating
bulk OVCARS3 and PT412 cells with increasing amounts of recombinant ANGPTL3
protein for 5 days (Figure 4D). Both lines demonstrated dose-dependent increases in
proliferation in response to ANGPTL3 treatment, consistent with the reported literature in
other cancer models.3%:36 As ANGPTL3 can stimulate both ERK and Akt phosphorylation,
we next treated OVCAR3 and PT412 cells with recombinant ANGPTL3 and examined
phospho-ERK and phospho-Akt levels via western blot. We observed increasing ERK1/2
phosphorylation at Thr202/Tyr204 in a dose-dependent manner with no notable changes
to phosphorylated Akt levels, further suggesting that ANGPTL3 is functioning through
MAPKI/ERK signaling (Figure 4E).

To further determine whether TC*MitoTrans ANGPTL3 secretion drives TC™MitoTrans cg|
proliferation, we cultured paired TC-MitoTrans ce||s with or without TCTMItOTrans ce||s jn

the presence of either a commercially available ANGPTL3 blocking antibody (evinacumab)
or immunoglobulin G (1gG) matched control (Figure 4F). Evinacumab treatment blocked
the growth promotion of TC*MItoTrans ce||s in cocultured TC™MitoTrans ce||s compared to
cocultures treated with 1gG control with the same proliferation rates as TC ~MitoTrans ce||s
grown alone (Figure 4F). Likewise, lentiviral small hairpin RNA (shRNA) knockdown (KD)
of ANGPTL3 in ovarian TCs similarly replicated this result in coculture, further suggesting
that TC*mitoTrans ANGPTL3 secretion drives proliferation in TC~MitoTrans ce||s (Figures

4G, S4A, and S4C). To further delineate the mechanism, we also used the MAPK/ERK
inhibitor trametinib to block downstream ANGPTL3 signaling. The above experiment

was repeated with trametinib vs. vehicle control. Trametinib prevented the proliferative
effect of TC*MitoTrans g the TC-MitoTrans nopylation. On-target validation of trametinib

was performed with western blotting for p-ERK showing a dose-dependent decrease after
treatment (Figures 4H and S4B). To validate the clinical relevance of ANGPTL3 in ovarian
cancer, the non-cellular component of malignant ascites derived from patients with HGSC or
benign intraperitoneal washes (IPWs) from women without cancer was isolated and tested
for ANGPTL3 via ELISA. Malignant HGSC ascites contained significantly elevated levels
of ANGPTL3 compared with benign IPWs (Figure 41).

We next assessed whether the mitochondria donated from CA-MSCs to TCs remain actively
respiring and alter oxidative metabolism in TCs. We measured the oxygen consumption

rate (OCR) using live-cell extracellular flux analysis. We first analyzed the baseline
respiratory capacity of the mito rich compared to mito poor TCs. TCs were sorted as

above and analyzed with an Agilent XF Seahorse to measure mitochondrial respiration.
Figure 5A demonstrates that the mito rich TCs had significantly higher basal respiratory
capacity, maximal respiratory capacity, ATP-dependent OCR, and spare respiratory capacity
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compared to mito poor TCs. However, following coculture with CA-MSCs, the metabolic
profile of the mito poor TCs matched that of the mito rich TCs, indicating that CA-MSCs
restored the metabolic fitness of the mito poor TCs, possibly through gain of actively
respiring CA-MSC mitochondria (Figures 5B-5D). These data provide evidence that the
CA-MSC mitochondria gained by TCs are likely metabolically active and may be enhancing
the respiratory capacity of TCs that contain less endogenous mitochondria. To further verify
the functional significance of mitochondrial transfer, live mitochondria were isolated from
CA-MSCs and exogenously given to TCs. Mitochondria were taken up by 5%-10% of TCs
after 24 h, and the respiratory capacity of TCs likewise increased (although to a lesser extent
than with direct CA-MSC coculture) (Figure S4D).

MIRO1 KD prevents mitochondrial transfer and decreases the proliferation and
chemotherapy resistance benefit of CA-MSC coculture

We demonstrated that mito poor TCs receive CA-MSC mitochondria at higher rates

and subsequently have increased proliferation, chemotherapy resistance, and oxidative
respiration following coculture with CA-MSCs. To further verify that this impact is due

to CA-MSC mitochondrial transfer and not other mediators, we targeted the mitochondrial
transfer protein MIRO1. MIROL1 is a mitochondrial transport protein that facilitates
intracellular movement of mitochondria via microtubules.37-38 We created MIRO1 KD CA-
MSCs, which prevented most mitochondrial transfer while still enabling the CA-MSC to
directly interact with the TC. MIRO1 was knocked down in multiple CA-MSC primary cell
lines via lentiviral ShRNA, with mRNA decreasing 50% and protein expression decreasing
80% (Figure 6A). We validated that MIRO1 KD did not impact CA-MSC identity, viability,
growth, mitochondrial bulk/cellular distribution, or ability to interact with TCs (Figures 6B
and S5).

We next demonstrated that MIRO1 KD effectively prevented CA-MSC-to-TC mitochondrial
transfer. MIRO1 KD CA-MSCs with COX8-GFP-labeled mitochondria were cocultured
with fluorescently labeled TCs as above, and mitochondrial transfer was quantified via

flow cytometry. Figure 6C illustrates that MIRO1 KD CA-MSCs transfer 15- to 20-fold

less mitochondria to ovarian TCs vs. CA-MSCs with wild type (WT) MIRO1 expression.
We repeated the proliferation, chemotherapy resistance, and metabolomic experiments with
mito rich and mito poor TCs with and without control CA-MSC or MIRO1 KD CA-MSC
coculture. MIRO1 KD CA-MSCs failed to alter the proliferation or chemotherapy resistance
of the mito poor TCs (Figures 6D and 6E). Similarly, MIRO1 KD CA-MSCs did not alter
the metabolic profile of the mito rich or mito poor TCs (Figures 6F and 6G), indicating that
mitochondrial transfer is critical for the CA-MSC mediated enhancement of mito poor TC
proliferation, chemotherapy resistance, and metabolic function.

We next tested whether the donated CA-MSC mitochondria persist after transfer to TCs.
TCs that gained mitochondria from cocultured CA-MSCs were FACS isolated and grown
alone over time. Immunofluorescence microscopy demonstrated the persistence of the
transferred mitochondria after separation of the two cell types for over 24 h (Figure 7A).
We visualized transferred mitochondria up to 3-5 days after transfer. However, this method
is limited to visualizing only mitochondria that were transferred from the parent CA-MSC,
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as the COX8-GFP tag is nuclear encoded in the parent CA-MSC. Thus, the COX8-GFP

tag cannot account for CA-MSC mitochondria that may have replicated inside TCs and
resulted in further amplification of CA-MSC-derived mitochondria. We therefore designed
haplotype-specific primers to distinguish CA-MSC-derived mtDNA (using one patient
source) from TC-specific mtDNA (OVCARS3, derived from a different patient) to enable the
distinction and quantification of all CA-MSC-derived mitochondria within TCs (originally
transferred mitochondria plus transferred mitochondria that have replicated). Using gPCR of
the haplotype-specific mtDNA with a standard curve method for quantification (Figure 7Bi),
we determined the ratio of endogenous TC mitochondria vs. donated CA-MSC mitochondria
over 14 days. At each time point, 20,000 TCs were harvested and mtDNA isolated followed
by haplotype-specific gPCR (normalized to input DNA amounts). This effectively enables
the quantification of CA-MSC-derived mitochondria vs. endogenous TC mitochondria per
cell. This method demonstrated that after 24 h there is a 0.63 ratio of CA-MSC/TC-derived
mitochondria, which remains relatively stable after 3 days (0.78 ratio) and decreases to 0.19
after 7 days but remains detectable at day 14 (ratio 0.06) (Figure 7Bii). Given that the

TC doubling time is ~40 h, this indicates not only that the CA-MSC-derived mitochondria
persisted inside the TCs but also that they likely actively replicated and contributed a sizable
portion of the total TC mitochondria (10%-30%).

Ovarian TC proliferation, chemotherapy resistance, and clonal heterogeneity are enhanced
by CA-MSC mitochondrial gain in vivo

We next corroborated that CA-MSC mitochondrial transfer is functionally important /n vivo.
We used an orthotopic ovarian bursal model to more accurately model physiologic ovarian
cancer development and metastasis as opposed to the earlier tail vein model, which is a
highly permissive metastasis model. TCs were co-injected with either control CA-MSCs or
MIRO1 KD CA-MSCs into a unilateral ovarian bursa. Mice implanted with MIRO1 KD
CA-MSCs demonstrated decreased metastasis and improved survival compared to mice who
received control CA-MSCs (Figure 7Ci). Using flow cytometry and our haplotype-specific
gPCR, we validated that TCs coimplanted with control CA-MSCs contained CA-MSC
mitochondria at both the primary and metastatic sites (at day 21 post-injection). This was
largely absent in the MIRO1 KD CA-MSC group (Figure 7Bii, bottom).

Given the underlying hypothesis that CA-MSCs enhance metastasis through increasing TC
heterogeneity by rescuing vulnerable TCs, we also employed our DNA barcoding system

in the orthotopic ovarian bursa /77 vivo model. At time of necropsy, primary and metastatic
tumors were removed and sent for DNA barcode sequencing. The barcoding data verified
our earlier finding from the tail vein injection model that CA-MSCs enhanced the clonal
heterogeneity of TCs compared to TCs grown alone (Figures 7D and 7E). To demonstrate
that the enhanced heterogeneity was due to mitochondrial transfer, the same model was used
with MIRO 1 KD CA-MSCs, and the tumors in MIRO1 KD mice had significantly less TC
heterogeneity compared to the tumors grown in mice injected with control CA-MSCs or
with TCs alone (Figure 7D; Table S2).

When we quantified the cells that gave rise to the greatest number of progenies, we found
that most cells in the MIRO1 KD CA-MSC tumors originated from fewer uniquely barcoded
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cells than in the control CA-MSC alone tumors (Figure 7E). This indicates that in MIRO1
KD CA-MSC conditions, fewer unique clones were able to successfully take hold and
produce a significant number of progenies as compared to control CA-MSC tumors, thereby
demonstrating reduced heterogeneity in MIRO1 KD CA-MSC-containing tumors.
DISCUSSION

Long thought of as non-essential in cancer due to the tendency of TCs to undergo

aerobic glycolysis, it is now established that mitochondria are indispensable to TC viability
and contribute to disease progression.3%40 Depletion of mtDNA in multiple TCs leads

to decreased proliferation and tumorigenesis, while the acquisition of mtDNA mutations
alters TC phenotypes.*1—43 Likewise, cell-to-cell mitochondrial transfer is increasingly
recognized as a biological phenomenon with functional implications in cancer, such as
promoting TC proliferation and resistance to chemotherapy.1943-45 Despite its emerging
role in tumorigenesis, there remains a lack of understanding in how mitochondrial transfer
contributes to malignancy in disease-specific contexts, including ovarian cancer. Here,

our findings demonstrate that mitochondrial transfer is a critical mechanism underlying
stromal-mediated enhancement of ovarian cancer proliferation, chemotherapy resistance, TC
heterogeneity, and metastasis using disease-relevant /n vitroand in vivo models.

While mitochondria contain their own genome capable of encoding proteins, they rely

on and engage in active bi-directional crosstalk with the nuclear genome for organelle
transcription, translation, and respiration.*6:47 Likewise, different combinations of mtDNA-
to-nuclear DNA promote differing impacts on cellular respiration and metabolism.4748 Prior
studies of mitochondrial transfer largely rely on allogenic sources of mitochondria from
multiple origins; given that physiological transfer occurs between autologous sources of
mitochondria /n situ and some allogenic systems can induce distinct phenotypic changes

in recipient cells, more physiological models of transfer should be employed for future
studies. This study utilized both allogenic and autogenic cellular pairs to study the impact
of stomal mitochondrial transfer on TC proliferation and chemoresistance, demonstrating
similar rates of transfer, proliferation, and resistance to cisplatin between both systems, and
thereby confirming these findings in a more physiologically appropriate model.

The transfer of mitochondria from the tumor microenvironment to TCs can be both
detrimental and beneficial to TCs.4? We find that mitochondrial transfer improves
mitochondrial function and decreases chemosensitivity of recipient TCs, as previously
reported in other tumor types.17-50-52 However, the exact mechanisms for this

remain unclear. Given that mitochondria are central to apoptosis initiation, improved
mitochondria function has been linked with chemoresistance. For example, cisplatin-
resistant ovarian cancer cells increase their oxidative phosphorylation and maintain a
healthy pool of active mitochondria by upregulating their mitophagy-mediated turnover®3
and PPAR coactivator-1a.-mediated mitogenesis.>* Improved reactive oxygen species (ROS)
scavenging following mitochondrial transfer has also been shown to lead to decreased
chemosensitivity in TCs.51:52 In glioma cells, the transfer of astrocyte mitochondria
alters the metabolism to promote the generation of metabolite precursors necessary for
glutathione synthesis, suggesting one mechanism by which recipient TCs increase their

Cell Rep. Author manuscript; available in PMC 2024 September 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Frisbie et al.

Page 12

ROS scavenging.** Moreover, since mitochondria are major signaling hubs, given their
role as centers for metabolite synthesis, ROS, and calcium homeostasis, it is possible that
mitochondrial transfer induces signaling and transcriptional changes that further promote
chemoresistance mechanisms,>® which requires further exploration.

Additionally, one hallmark of ovarian cancer, particularly HGSC, is extensive genomic
instability and copy-number alterations as well as near-universal mutations to the tumor
suppressor gene 7P53.3:2:56.57 This genomic instability in turn drives significant intratumor
heterogeneity within ovarian cancer, informing disease progression and contributing to
patient mortality.3>7 Undoubtedly, the tumor microenvironment plays a critical role in
shaping intratumor heterogeneity, as there are a wealth of studies demonstrating that
stromal cells can directly influence TC phenotypes, as well as the ability of distinctive
microenvironments to provide different selective evolutionary pressures that alter the
composition of TC populations.?8-60 However, the exact mechanisms underlying how
stromal cells alter ovarian cancer heterogeneity remain poorly understood. This study
provides further insight into mechanisms of ovarian cancer heterogeneity by demonstrating
an important role of CA-MSC-mediated enhancement of ovarian cancer heterogeneity
through horizontal mitochondrial transfer.

Beyond the scope of our study, it is possible that CA-MSC mitochondrial donation

further promotes disease progression by contributing to TC heteroplasmy. It has long been
proposed that alterations to the mitochondrial genome contribute to tumor progression,

as dysregulated energy metabolism is a hallmark of malignancy. The recent emergence

of single-cell and deep sequencing approaches enabling the quantitative study of

subcellular mtDNA populations have since confirmed this connection, with multiple

studies indicating the presence of elevated mtDNA copy-number and somatic mutations

in ovarian cancer cells and tissues correlated with treatment resistance and tumorigenesis.®1~
64 \We observed elevated TC endogenous mtDNA levels in response to receiving CA-

MSC mitochondria using haplotype-specific qPCR, with these mitochondria-receptive TCs
displaying enhanced malignant features. While we did not sequence the mtDNA being
transferred, other recent studies demonstrate the capacity of stromal cells to transfer mtDNA
haplotypes carrying metastasis-enhancing pathogenic mutations, indicating another potential
mechanism by which stromal mitochondrial transfer modulates disease progression and
clonal heterogeneity.55:66 As somatic mtDNA mutations inform distinct metastatic patterns
in ovarian cancer with potential clinical implications, further work is needed to better
understand how stromal mitochondrial transfer shapes ovarian TC heteroplasmy.

This work also explored the downstream mechanisms by which exogenously donated
mitochondria alter host ovarian TC signaling through the upregulation of ANGPTL3
secretion. To control for paracrine and other stromal signaling factors, we undertook RNA
sequencing of paired TCs that either received or did not receive CA-MSC mitochondria
from the same population, allowing us to demonstrate that donated mitochondria-to-host
nuclear signaling occurs to drive transcriptional changes in the host cell and indicating
mitochondrial transfer has a broader impact outside of the receiving cell. This study also
explored the role of ANGPTL3 in promoting ovarian cancer proliferation via MAPK/ERK
activation; ANGPTL3 plays a contradictory role in several cancers, including ovarian
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cancer.34-36.67.68 Our findings demonstrate that ANGPTL3 drives proliferation in HGSC
cell lines, consistent with Siamakpour-Reihani et al., who found high levels of ANGPTL3
expression in patient-derived tissues correlated with decreased survival, but in contrast to
Wu (2023), who found decreased expression in patient tissue and decreased metastatic
potential related to elevated ANGPTL3.67.68 Of note is the use of SKOV-3 and the ovarian
clear cell line ES-2, which are distinct from the HGSC cell lines employed in our study,
potentially explaining this discrepancy. Indeed, differential growth is also seen across
mouse models. While OVCAR3 has been reported to have poor growth in nude mice, we
demonstrate consistent and robust growth in NSG mice (both in this report and previous
papers), which is enhanced by cogrowth with CA-MSCs.11:26 This further highlights the
importance of the model system used.

Collectively, this work defines a crucial role for stromal-to-TC mitochondrial transfer

in supporting ovarian cancer progression by enhancing TC heterogeneity, survival, and
metastasis. These findings contribute to our mechanistic understanding of stromal-mediated
metastasis and imply that strategies blocking CA-MSC mitochondrial transfer may have
important clinical implications for decreasing the progression of ovarian cancer.

Limitations of the study

The limitations of this work include a relatively small sample size of CA-MSCs and TC
lines, and this is unable to account for heterogeneity based on CA-MSC tissue source

or TC variables, including exposure to chemotherapy, molecular subclassification (e.g.,
homologous recombination status), and histologic differences. This study only evaluated
treatment-naive HGSC-derived CA-MSCs and HGSC TC lines. Furthermore, while we
demonstrate /n vivo CA-MSC to TC mitochondrial transfer, our current models do not
enable investigations into the kinetics surrounding /n vivo transfer. Additionally, both the
tail vein model and intrabursal orthotopic models used in this work have limitations.

As above, the tail vein model is highly permissive, bypassing critical steps of invasion

and intravasation from the primary site of disease; however, it does model organ-seeding
differences and the ability to survive in circulation. Furthermore, although lung metastasis
is not the most common site of ovarian cancer metastasis, 28% of patients with disease
outside of the peritoneum have lung metastasis; therefore, these findings are of physiologic
relevance.9.70 The intrabursal model enables orthotopic tumor initiation and models early
steps in metastasis, including invasion, intravasation, and extravasation but remains an
immune-deficient model, thus not accounting for the important impacts of the immune
microenvironment. Conclusions from our work must therefore be tempered by these
limitations.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources about this manuscript
should be directed to the Lead Contact, Lan G. Coffman (coffmanl@upmc.edu).
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Materials availability—Materials unique to this work including cell lines and haplotype
specific PCR primers are available upon discussion with the lead contact, Dr. Lan Coffman.

Data and code availability—RNA-seq data have been deposited at Mendeley: https://
doi.org/10.17632/25s5258ynf.1 and are publicly available as of the date of publication. This
paper does not report original code. Any additional information required to reanalyze the
data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human cancer cell lines—Ovarian cancer cell lines OVCAR3 and OVSAHO were
purchased through ATCC and Millipore Sigma, respectively. The primary patient ovarian
cancer cell line PT412 was a kind gift from Dr. Ronald Buckanovich (University of
Pittsburgh). STR validation was performed on all three cell lines validating the identity

of OVCAR3 and OVSAHO while pt412 was consistent with prior in house validation. All
cancer cell lines were grown in Dulbecco’s Modified Eagle Medium (DMEM) supplemented
with 10% fetal bovine serum and 1% penicillin-streptomycin. Cancer cells were grown and
passaged according to supplier instructions at 37°C in a humidified incubator equilibrated
with 5% CO2. Routine mycoplasma testing was carried out and cell lines verified negative
for mycoplasma contamination using a commercially available gPCR-based kit (Applied
Biological Materials Inc., Richmond, BC) prior to use in experiments.

Human primary cell lines—Cancer associated mesenchymal stem cells (CA-MSCs)
were derived from surgical resection of human ovarian cancer involving the fallopian tube,
ovary and/or omental metastatic deposits. Normal mesenchymal stem cells (MSCs) were
derived from surgical samples (fallopian tube or ovary) of women undergoing surgery

for benign indications or propholaytic bilateral salpingo-oophorectomy. Samples were
obtained in accordance with protocols approved by the University of Pittsburgh’s IRB
(PRO17080326). CA-MSCs and MSCs were grown in Mammary Epithelial cell Basal
Medium (MEBM) supplemented as follows: 1% B27, 20 ng/ml epidermal growth factor
(EGF), 1% penicillin-streptomycin, 20ug/ml gentamycin, 1 ng/mL hydrocortisone, 5ug/ml
insulin, 100um beta-mercaptoethanol, 10 ng/ml recombinant human basic-fibroblast growth
factor (bFGF), and 10% fetal bovine serum (FBS). Cells were grown at 37°C in a humidified
incubator equilibrated with 5% CO2 and verified negative for mycoplasma contamination.

Mice—All experimental procedures were performed in accordance with protocol approved
by the Institutional Animal Care and Use Committee at University of Pittsburgh. Female
NSG (NOD scid gamma) mice (6-8 week-old, Jackson Laboratory, ME) were used for both
tail vein and orthotopic models. All mice were group housed and kept under 12h:12 h L/D
conditions. Food and water were available ad /ibitum to all mice.

METHOD DETAILS

Tissue harvesting—Patient samples were obtained in accordance with protocols
approved by the University of Pittsburgh’s IRB (PRO17080326). CA-MSCs/MSCs were
derived from surgical resection of human ovarian cancer involving the fallopian tube, ovary
and/or omental deposits, or resection of ovary/fallopian tube under benign/prophylactic
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indications.10:11.76 Cells derived from these tissues were plated in supplemented MEBM
and selected for: plastic adherence, cell surface marker expression (CD105, CD90,

CD73 positive; CD45, CD34, CD14, CD19 negative), and trilineage differentiation ability
(differentiation into adipocytes, osteocytes and chondrocytes) in accordance with the ISCT
criteria for defining multipotent mesenchymal stem/stromal cells’’ (Figure S5). Isolated
primary lines were grown in complete MEBM.”6 CA-MSCs/MSC cell lines failing to meet
these criteria were FACS purified, and validated lines were used within 8 passages; all
isolated lines were verified negative for mycoplasma contamination.

In vivo tail vein clonal heterogeneity model—Genomically barcoded OVCARS cells
were generated using Cellecta’s Lentiviral Barcode Library 13k x 13k 30M (Cellecta Inc,
Mountain View, CA). 5x10° OVCARS3 cells containing unique genomic barcodes alone or
with CA-MSCs (0.5x10° MSCs; 1:10 OV-CAR3: MSC ratio) (7= 10 per group) were
injected into the tail vein of NSG mice.11:26 Barcoded clones were stabilized over four
passages and sequenced to obtain the baseline barcode pool prior to injection. All mice
were euthanized once the first mouse met endpoint criteria (at 21 days post-injection) and
metastatic burden assessed at necropsy. Liver, lung and blood were isolated and total DNA
extracted using a DNeasy Blood & Tissue Kit (Qiagen, Hilden, Germany) for subsequent
sequencing of genomic barcodes.

Lentiviral Mitochondria labeling of CA-MSCs/MSCs—Early passage (<p4) CA-
MSCs/MSCs were transduced with a COX8-GFP lentiviral vector labeling CA-MSC
mitochondria with EGFP (Systems Biosciences, Fredrick, MD). Lentiviral labeling was
carried out as follows: 5x10% CA-MSCs/MSCs were plated in a 6-well TC plate and allowed
to adhere overnight, followed by transduction with the COX8-GFP lentivirus for 48 h

using an MOI of 20. Transduced CA-MSCs/MSCs were given a day to recover in fresh
complete MEBM followed by 24-h puromycin selection at a concentration of 0.8 pg/mL. A
transduction efficiency of >95% was confirmed using fluorescent microscopy.

CA-MSC:Tumor cell mitochondrial ttansfer cocultures—In order to accurately
distinguish cell identify in coculture, both ovarian cancer cells and COX8-GFP tagged CA-
MSCs/MSCs were dye labeled. Actively respiring mitochondria of OVCAR3, OVSAHO
or PT412 tumor cells were stained with MitoTracker Deep Red (Invitrogen, Waltham, MA
USA) in PBS suspension at 50nM for 30 min, while CA-MSCs/MSCs were labeled using
CellTrace Violet dye (Invitrogen, Waltham, MA USA) in PBS suspension at 5uM for 20
min before neutralizing the dye with serum-containing media. CA-MSCs were grown in
coculture with OVCAR3, OVSAHO, or PT412 tumor cells in a 1:1 ratio. A 1:1 ratio was
chosen as the more proliferative tumor cells outgrow CA-MSCs, quickly altering the ratio
to 1:10 CA-MSC-to-tumor cell. Coculture experiments utilized at least three independently-
derived CA-MSC lines per each tumor cell line.

For direct adherent cocultures, 5x10° tumor cells and 5x10° CA-MSCs were mixed in
supplemented MEBM media in a T175 cm flask. For direct non-adherent cocultures, 5x10°
tumor cells and 5x10° CA-MSCs were combined and mixed with serum-free MEBM

ina T75 cm ULA flask (Corning, Corning, NY). After 24-h, adherent cocultures were
trypsinized while non-adherent cocultures were pelleted by centrifugation (600 x g, 5 min)
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and cellular complexes trypsin dissociated for 10 min. Dissociation of cellular complexes
and generation of a single cell suspension was confirmed via brightfield microscopy.
Cocultures were then neutralized, pelleted (600 x g, 5 min) and resuspended in flow

buffer (2% FBS PBS) for flow cytometry analysis with propidium iodide (PI) for live/dead
exclusion (all co-cultures resulted in over 90% viability in both CA-MSCs and tumor cells).

For indirect cocultures, 5x10* CA-MSCs were plated on top of polystyrene 0.4um pore
Transwell inserts, 5x10% tumor cells were plated in the bottom wells, and each coculture was
grown in MEBM +10% FBS. Tumor cells grown alone at equivalent cell densities served as
controls. After 24-h, transwells were removed and tumor cells trypsinized and resuspended
in flow buffer for flow cytometry analysis PI for live/dead exclusion (all co-cultures resulted
in over 90% viability in both CA-MSCs and tumor cells).

For hypoxic cocultures, direct CA-MSC:tumor cell cocultures were incubated for 24-h in a
hypoxic incubator workstation (Oxford Optronix, Cambridge, UK) set to 5% CO, and either
1% O, for hypoxic experiments or 21% O, for normoxic controls. Cell culture reagents

and media were equilibrated in the hypoxic chamber for 1 h prior to use. After 24-h,
cocultures were trypsinized and neutralized in the workstation prior to removal for pelleting,
resuspension in flow buffer and flow cytometry analysis DAPI for live/dead exclusion (all
co-cultures resulted in over 90% viability in both CA-MSCs and tumor cells).

Quantification of In vitro mitochondrial transfer via flow cytometry—
Resuspended cocultures were analyzed and CA-MSC-to-TC mitochondrial transfer
quantified using either a Fortessa LSRII (BD Biosciences, Franklin Lakes, NJ) or
CytoFLEX S 4L (Beckman Coulter, Pasadena, CA) cytometer. Mitochondrial transfer was
quantified as the percentage of CellTrace Violet™, MT-DR*, GFP* tumor cells amongst all
CellTrace Violet™, MT-DR™ tumor cells. Analysis of flow cytometry data was carried out
using FlowJo v1.10 (BD Biosciences, Franklin Lakes, NJ). Gating to identify GFP* tumor
cells was done using non-cocultured CellTrace Violet™, MT-DR™ tumor cells.

Confocal imaging—To image isolated tumor cells that had received CA-MSC
mitochondria, non-adherent cocultures were set up as described above and transfer-positive
and -negative tumor cell populations isolated using FACS at 24-h post coculture. Isolated
tumor cells were then seeded at 5,000 cells/plate in 35mm MatTek Poly-D-Lysine glass
bottom dishes (No. 1.5 coverglass) and allowed to adhere overnight. For cocultures, 2,000
total cells were plated (1:1 ratio CA-MSC:TC) and allowed to adhere overnight. Cells were
then fixed with 2% PFA, 2.5% glutaraldehyde for 20 min at room temperature, followed by
3x washes with PBS and Hoechst staining (1 ug/mL, 5 min), an additional PBS wash and
wet mounting with ibidi Mounting Medium (ibidi USA, Inc, Fitchburg, WI). Imaging of
fixed cells was carried out using a Nikon AX confocal with a 63x objective (NA 1.42) and
a Z-step size of 0.2um. Image acquisition and processing was done using NIS-Elements AR
(v.5.41.02) (Nikon Instruments Inc., Melville, NY).

Proliferation and chemotherapy resistance assays—OVCAR3, OVSAHO or
PT412 tumor cells were sorted based on endogenous mitochondrial bulk or were sorted
out of coculture with CA-MSCs before use in the assays. Bulk tumor cells that were grown
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independently and sorted were used as controls. 5 x 103 tumor cells were plated per well in
a 96 well dish, 3-5 wells per condition, in DMEM complete media. Cells were incubated
overnight to recover, and the following morning cisplatin was spiked into the media to

a final concentration of 0, 0.5, 1, or 1.5uM, marking time t = 0. Cells were incubated

for an additional 24, 48, or 72 h. For the experiments where tumor cells were sorted

out of coculture with CA-MSCs, IncuCyte imaging was used to assess the change in cell
density confluence as a proxy for cell viability. For the experiments where tumor cells were
sorted based on endogenous mitochondrial bulk, cell viability was counted manually with a
hemocytometer and 2:1 Trypan blue exclusion.

Seahorse extracellular flux assay—Tumor cells with top vs. bottom 20% endogenous
mitochondria (based on MT-DR staining) were FACS isolated and seeded at a density

of 4,000 cells per well overnight. The next day, three measurements of OCR and ECAR
were taken at baseline and after each injection of the following mitochondrial stress test
compounds in accordance with the Cell Mito Stress Test Protocol using the Seahorse XPf
platform (Agilent Technologies, Santa Clara, CA): oligomycin (1uM; complex V inhibitor);
FCCP (0.75uM; proton gradient uncoupler); antimycin A (1uM; complex 11 inhibitor).
Basal and maximal respiration were normalized by subtracting non-mitochondrial OCR (i.e.,
after Antimycin A addition). Respiratory reserve capacity was calculated as the difference
between maximal and basal OCR. ATP-linked OCR was derived as the difference between
basal and Oligomycin A inhibited OCR. Crystal violet staining was used to normalize

data. Analysis of Seahorse data was done using Seahorse Wave Desktop (v2.6.3.5) (Agilent
Technologies, Santa Clara, CA).

Transcriptomic sequencing and analysis of transfer +/- tumor cell pairs—
Paired PT412 cells that had either received or did not receive CA-MSC mitochondria
were FACS isolated from cocultures as described above and total RNA isolated using

a Nucleospin RNA isolation kit (Takara Bio USA, San Jose, CA). RNA concentration

and quality was assessed via a NanoDrop spectrophotometer (Thermo Fisher Scientific,
Waltham, MA). Samples were then packaged and shipped to Novogene Corporation for
further processing and sequencing. mRNA was purified from total RNA using poly-T oligo-
attached magnetic beads. After fragmentation, first-strand cDNA synthesis was carried out
using random hexamer primers followed by second strand synthesis using dUTP. Qubit
(Thermo Fisher Scientific, Waltham, MA) and real-time PCR was used for quantification
and bioanalyzer for size distribution detection. Quantified libraries were pooled and
sequenced on an Illumina platform (lllumina Inc., San Diego, CA) and paired-end reads
were generated.

Raw reads in fastq format were processed through a Novogene in-house perl script for QC.
Briefly, reads containing adapters, ploy-N, and low-quality reads were removed and Q20,
Q30, and GC content was calculated. The index of the reference genome hg38 was built
and paired-end clean reads were aligned to the reference genome using hisat2 (v2.0.5).
Quantification of the gene expression level was done via featureCounts (v1.5.0-p3). The
FPKM of each gene was calculated based on the length of the gene and read counts mapped
to the gene. Differential gene expression analysis was carried out using R (v4.1.3) package
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DESeq?2 (v1.20.0) treating transfer +/— PT412 cells derived from the same coculture as
paired samples.”2 Specifically, differentially expressed genes were identified based on a p-
value less than 0.05, and an absolute log-transformed fold change greater than 1.5. Followed
by functional enrichment analysis using R package clusterProfiler,”3 with FDR cutoff at 0.05
for KEGG pathway, Gene Ontology, and Gene Set Enrichment Analysis (GSEA).

Quantitative real-time PCR—RNA was isolated using a Nucleospin RNA isolation

kit (Takara Bio USA, San Jose, CA) and RNA concentration and quality assessed via

a NanoDrop spectrophotometer (Thermo Fisher Scientific, Waltham, MA). cDNA was
synthesized with the SuperScript 111 First-Strand Synthesis System for RT-PCR (Invitrogen,
Grand Island, NY) using random hexamers per the manufacturer’s protocol. SYBR green-
based RT-PCR was performed using the CFX96 or CFX384 Real-Time gPCR Detection
System (Bio-Rad, Hercules, CA) and respective primers. The comparative Ct method was
used for data analysis with GAPDH as the comparator gene.

Immunoblotting—Cell pellets were homogenized in RIPA buffer (Thermo Fisher
Scientific, Waltham, MA) with complete protease inhibitor (Roche, Basel, Switzerland).
Insoluble material was removed by centrifugation at 16,000 g at 4°C for 15 min. Protein
concentrations were determined using the Pierce BCA Protein Assay Kit (Thermo Fisher
Scientific, Waltham, MA). Equal amounts of protein were separated on 4-12% NuPAGE
SDS gel (Invitrogen, Grand Island, NY) and transferred onto a nitrocellulose membrane.
a-ANGPTL3, a-pMAPK, a-total MAPK, a-pAKT, a-pan AKT and a-MIRO1 were used
at a 1:1000 dilution. a-COXIV and a-p-actin antibodies were used at a 1:2000 dilution.
Bands were visualized using an LI-COR near-infrared detection system with a 1:10,000
dilution for secondary antibodies (LI-COR Biosciences, Lincoln, NE).

ANGPTL3 knockdown generation and validation—ANGPTL3 KD OVCAR3 and
PT412 tumor cell lines were generated using prepackaged ANGPTL3 Human shRNA
Lentiviral Particles (Origene, Rockville, MD). Briefly, 50,000 tumor cells were plated in
one well of a 6-well plate (one for each shRNA clone A-D, plus scrambled control) and
allowed to adhere overnight. Cells were then transduced using an MOI of 10 for 48 h,
followed by removal of the lentivirus and selection with 0.8 pg/mL puromycin for a further
48 h. Knockdowns were validated via gPCR and western blot, and the impact of ANGPTL3
KD on cell proliferation measured. Two shRNA clones (clone A and D) were selected based
on their knockdown efficiency and minimal impact to cell proliferation.

Recombinant ANGPTL3/Evinacumab/trametinib treatment—To measure the
impact of ANGPTL3 on proliferation, 5,000 cells/well of PT412 and OVCARS cells were
plated in a 48-well plate and treated with either vehicle control (DMSO) or 0.1, 1, or 10nM
of recombinant ANGPTL3 protein (Abcam, Boston, MA) reconstituted per manufacturer’s
instructions. Cells were initially plated in DMEM or RPMI containing recombinant protein
and media changed daily with fresh protein added. Cells were counted via hemocytometer
on days 3 and 5 post plating. To test the inhibition of ANGPTL3 in coculture, the
ANGPTL3 blocking antibody Evinacumab (Thermo Fisher Scientific, Waltham, MA) was
added to media at a concentration of 1.5 ng/pL. Media was then changed daily with fresh
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media containing Evinacumab, and proliferation measured across five days (post plating).
Trametinib treatment was similarly carried out daily at a concentration of 100nM and cell
proliferation measured using a hemocytometer with trypan blue live/dead exclusion.

ANGPTL3 ELISA—ANGPTL3 levels in patient-derived ascites were measured using a
commercially available kit, Human ANGPTL3 ELISA Kit (Abcam, Boston, MA). Ascites
or intraperitoneal washes from patients with benign indications were centrifuged for 10 min
at 1,200 x g to separate out cellular and acellular fractions. The acellular fraction was then
assayed per the manufacturer’s protocol.

MIRO1 knockdown CA-MSC lines—shRNA constructs targeting MIRO1/RHOT1
(HSHO070029-LVRUG6MP, GeneCopoeia, Rockville, MD) were packaged into lentiviral
particles using a 3rd Generation Lentiviral Packaging Kit (Applied Biological Materials
Inc., Richmond, BC). MIRO1KD patient-derived CA-MSC lines were then generated

and validated for MIRO1 knockdown via qPCR and immunoblotting with anti-RHOT1
antibody (Abcam, Boston, MA, USA). The impact of MIRO1KD on CA-MSC viability was
determined by comparing proliferative capacity to the wild-type CA-MSC line from which
knockdowns were derived; no effect on viability was observed. Additionally, MIRO1KD
CA-MSCs expression of MSC surface markers and tri-lineage differentiation potential was
confirmed, demonstrating MIRO1KD did not induce or impact CA-MSC differentiation.

mtDNA haplotype-specific gpCR—Mitochondrial DNA (mtDNA) haplotypes were
obtained through sequencing of mtDNA from a primary patient-derived CA-MSC line
and the OVCARS3 tumor cell line via Sanger sequencing of two mtDNA hypervariable
regions.50 Briefly, mitochondria was isolated and DNA was extracted using the DNeasy
Blood & Tissue Kit (Qiagen, Hilden, Germany) and Sanger sequencing of samples was
conducted by the University of Pittsburgh’s Genomics Research Core using previously
described primers designed to amplify and sequence the mtDNA hypervariable region.”8
CA-MSC and OVCARS3 hypervariable sequences were processed and aligned using
SnapGene (Dotmatics, Bishop’s Stortford, UK). Haplotype-specific primer candidates were
designed using SnapGene and PrimerQuest (Integrated DNA Technologies, Coralville, 1A)
to optimize sensitive and specific identification and differentiation between CA-MSC and
OVCARS derived mtDNA. Primers were validated for specificity using SYBR green-
(Applied Biosystems, Waltham, MA) based real time gPCR using the CFX384 Real-Time
PCR Detection System (Bio-Rad, Hercules, CA). gPCR standard curves were generated
to quantify the amount of CA-MSC and endogenous OVCAR3 mtDNA. All mtDNA
haplotype-specific qPCR was normalized based on cell number and into DNA content.

To assess retention of CA-MSC mitochondria in tumor cells, GFP-COX8 CA-MSC and
OVCARS3 tumor cells were co-cultured for 24 h under non-adherent conditions in a 1:1
cellular ratio. OVCARS tumor cells which received CA-MSC mitochondria were isolated
using FACS and then plated and grown over 14 days. At each time point (days 1, 3, 5,7
and 14), a subset of 20,000 tumor cells were removed for DNA isolation and used for
haplotype-specific qPCR. Results reported in Figure 7B are reported as nanogram (ng)
CA-MSC derived mtDNA and ng tumor cell derived mtDNA from 20,000 cells.
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Ovarian cancer orthotopic murine model—For the cohort assessing survival and
metastatic burden, 5x10° OVCARS3 cells expressing luciferase were injected alone (7=

3), with control CA-MSCs (7= 5) or MIRO1 knockdown CA-MSCs (n=5) ina1:1

ratio into the ovarian bursa of NSG mice.11:25 Tumor take and disease progression was
monitored via bi-weekly IVIS imaging. On day 7 post injection, mice were treated with
cisplatin (0.5 mg/kg every other day x 3 doses). Mice were sacrificed upon meeting endpoint
criteria (>10% weight loss, >20% weight gain or poor body condition). For experiments
assessing clonal heterogeneity, 5x10° OVCARS3 cells with a unique genomic barcode
(Cellecta, Mountain View, CA) expressing luciferase were injected alone (1= 2), with
control CA-MSCs (7= 5) or MIRO1 knockdown CA-MSCs (7= 5) ina 1:1 ratio into the
ovarian bursa of NSG mice. Bi-weekly VIS imaging was also used to monitor tumor take
and disease progression. All mice were sacrificed when the first mouse met endpoint criteria
(day 21). Metastatic burden was assessed during necropsy and both primary and metastatic
tumors reisolated. Tumors were then dissociated using the DNeasy Blood & Tissue Kit
(Qiagen, Hilden, Germany) and isolated DNA used for sequencing of genomic barcodes.

DNA barcode analysis—Sankey diagrams, heat maps, Venn diagrams, and distribution
plots were produced in Python version 3.7.3. Barcode data processing for the barcoded tail
vein injection model and barcoded /n vivo MIRO1 knockdown model was performed in
Python version v3.7.3 with pandas v1.2.4 and numpy v1.20.2.

Sankey diagrams—All Sankey diagrams were produced with seaborn v0.11.2 and plotly
v5.7.0. In the tail vein injection model, we wanted to understand which barcodes had
proliferative activity in each tumor. Therefore, we considered a barcode with reads to be
any barcode with >10 reads, indicating that at least ten cells originated from this barcode.
Barcoded cells that gave rise to fewer than ten cells have minimal impact on the tumor’s
heterogeneity, and the abundance of barcodes with fewer than ten reads obscure the ability
to visualize the proportion of barcodes that have a greater contribution to the tumor’s
heterogeneity across tumor sites. The total number of reads is the sum of all reads from all
barcodes with >10 reads.

The in vivo MIRO1 knockdown model Sankey diagram graphs the number of reads for each
location aggregated together, after normalization to control for differences in size between
tumors. This experiment used tumors from four mice, each of which had different size
tumors at each site. To normalize the number of reads such that we can compare the number
of reads from a smaller tumor to that of a larger tumor, the cell counts were divided by each
tumor’s mg DNA. After normalizing each sample, the normalized reads were summed by
condition, CA-MSC and MIRQO1, as well as by site, primary and liver, to produce the total
number of reads in each respective category.

Heat maps and distribution plots—All heatmap visualizations and distribution plots
were produced with seaborn 0.11.2. The rank of each barcode was determined by ordering
the barcodes from greatest number of progenies (1) to fewest number of progenies (n).

The value of the upper rank n depends on the number of barcodes that had progenies at a
particular site and condition. To account for the large distribution of counts across barcodes
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and visualize with a heatmap, the negative log of the cell counts associated with each
barcode was calculated and plotted in rank order on the heatmap.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are presented as mean £ SEM unless otherwise stated. All experiments preformed on
at least three CA-MSCs lines or on multiple mice. Student’s unpaired t test or ANOVA were
used to determine the statistical significance. Differences were considered significant at *p <
0.05, **p < 0.01).

Supplementary Material

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

CA-MSCs donate mitochondria to ovarian cancer cells with low endogenous
mitochondria

Mitochondrial donation enhances cancer cell proliferation, chemoresistance,
and OXPHOS

Donated mito-to-nuclear signaling drives ANGPTL3 secretion, which
increases tumor cell growth

Mito donation enhances metastasis and clonal heterogeneity /n vivo
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Figure 1. CA-MSCs increase OVCAR3 ovarian TC heterogeneity in vivo
(A) Quantification of organ-specific tumor involvement per mouse group (n = 10 per group):

TC alone vs. TC + CA-MSC.
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(B-F) Quantification of unique clones at each site of tumor involvement: (B) lung, (C) liver,
(D) blood, (E) abdomen, and (F) ascites. 7= 8 sites for TC + CA-MSC; n=6 TC alone; n=

2 blood samples for both groups.

(G) Sankey diagram visually demonstrating the number of unique barcodes at each tumor

site in TC + CA-MSC vs. TC-alone mice.

(H) Venn diagrams demonstrating the distribution of TC clones across organ sites per

mouse.

(1) Heatmap ranking the log-based total number of unique clones derived from the top 50

most abundant barcodes at each.

For (B) and (C), data are presented as the mean + SEM; displayed p values obtained using

Student’s t test.
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Figure 2. CA-MSCs directly transfer mitochondria to adjacent ovarian TCs
(A) Representative images from coculture demonstrating direct CA-MSC to TC

mitochondrial transfer. CA-MSC mitochondria labeled with lentiviral COX8-GFP (green),
while endogenous TC mitochondria are COX8-dsRed (orange). (i) Maximum projection
image of representative coculture z stack. scale bar, 50 pm. (ii) Three-dimensional (3D)
rendering of a subset of (i) showing TC*mitoTrans ce|| and (ijii) representative z slices.

(B) Transfer of GFP-CA-MSC mitochondria to TCs quantified using flow cytometry. Six
individual patient (pt)-derived CA-MSCs are represented (i) and three individual patient-
derived CA-MSCs donating to three individual ovarian cancer cell lines are represented (ii).
(C) CA-MSC to TC mitochondrial transfer under indirect coculture vs. direct coculture (n7=
5 individual experiments).

(D) Comparison of CA-MSCs’ and normal MSCs’ (derived from patients without cancer)
ability to transfer mitochondria to TCs (n7= 3 individual experiments).

(E) Change in CA-MSC to TC mitochondrial transfer under adherent vs. non-adherent
conditions (n= 5 individual experiments).

(F) Change in CA-MSC to TC mitochondrial transfer under normoxic (21% O,) vs. hypoxic
(1% O,) conditions (/7= 3 individual experiments).
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(G) CA-MSC mitochondrial transfer quantified comparing donation to TCs with the highest
active mitochondrial content (top 20%, mito rich) and lowest active mitochondrial content
(lower 20%, mito poor), as assessed by MitoTracker Deep Red staining.

In (B)—(D), CA-MSCs were cocultured, resulting in a 10:1 TC:CA-MSC ratio. *p < 0.05.
Data are presented as the mean + SEM; displayed p values obtained using Student’s t test.
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Figure 3. TCs with less endogenous mitochondrial bulk demonstrate decreased proliferation and
increased chemotherapy sensitivity compared to TCs with high endogenous mitochondrial bulk

(A-Ci) Mito rich TCs vs. mito poor TCs alone proliferation. (A—Cii) Mito rich vs. mito
poor TCs with CA-MSCs co-culture, and TC proliferation was quantified, demonstrating
coculture rescues the proliferation of mito poor TCs. Three different TC lines were used: (A)

OVCARS, (B) PT412, and (C) OVSAHO.

(D-F) TC survival to increasing doses of cisplatin in mito rich vs. mito poor (i) TC alone
and (ii) with CA-MSC coculture. Three different TC lines were used: (D) OVCARS, (E)

PT412, and (F) OVSAHO.

(G) Mito poor TCs from a paired TC and CA-MSC sample derived from the same patient
with HGSC were grown alone or with CA-MSC coculture, and (i) TC proliferation and (ii)
chemotherapy sensitivity were compared validating the rescue of mito poor TC growth and
chemotherapy survival with CA-MSC coculture in an autologous paired sample.

For all experiments, data are presented as the mean £ SEM; displayed p values obtained
using Student’s t test, with *p < 0.05. Three independent experiments were run for each

assay.
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Figure 4. Donated mitochondria-to-host nuclear signaling in recipient TCs drives proliferation in
non-mitochondria receiving TCs via secretion of ANGPTL3 and MAPK/ERK activation

(A) Proliferation of TC*MitoTrans gng TC-MitoTrans ce||s yusing PT412 and OVCAR3 HGSC

cells (n=6).

(B) Proliferation of TC™MitoTrans ce||s alone or cocultured with TC *MitoTrans celis (= 6).
(C) (i) Top upregulated differentially expressed genes coding for secreted proteins in
TC*mitoTrans compared to TC™MitoTrans cells (7= 4 paired samples). (ii) gPCR (7= 3 paired
samples) and (iii) western blotting for ANGPTL3 in TC*MitoTrans gnd TC-mitoTrans ce|s (1
= 3). (iv) Over-representation analysis using Kyoto Encyclopedia of Genes and Genomes

pathways containing differentially expressed genes in TC*mitoTrans ce||s,
(D) Proliferation curve showing fold change in TC number in bulk OVCAR3 and

PT412

TCs treated with increasing amounts of recombinant ANGPTL3 protein for 5 days (with

daily media change/ANGPTLS3 re-dosing) (/7= 6 per group).

(E) Western blot and corresponding densitometry plot indicating increased phosphorylation
of ERK1/2 and unchanged Akt phosphorylation in PT412 and OVCARS cells treated with

recombinant ANGPTL3 (n7= 6 for all groups).

(F) Proliferation on day 5 of TCMitoTrans ce||s alone or cocultured with TCTMItOTrans ce||s jn

the presence of an ANGPTL3 blocking antibody or 1gG control (7= 6 per group).
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(G) Proliferation on day 5 of ANGPTL3 KD or scrambled control TC™MitoTrans ce||s alone

or cocultured with KD/scrambled control TC*MitoTrans ce||s (7= 3 per group).

(H) Proliferation on day 5 of TC™MitoTrans ce||s alone or cocultured with TC*MitoTrans ce||s (n
= 3 per group) under treatment with either 100 nM trametinib or DMSO vehicle control.

() ANGPTL3 ELISA of the non-cellular fraction from patient-derived malignant HGSC
ascites (7= 8) or IPWs for benign indications (= 4).

For (A)—(H), data are presented as the mean + SEM; displayed p values obtained using
Student’s t test (A—Ciii and I) or one-way ANOVA (D-H). For all data, *p < 0.05; **p <
0.01; ***p < 0.001; ****p < 0.0001.
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Figure 5. Respiratory capacity of mito poor TCs improves after CA-MSC coculture
(A and B) Representative extracellular flux assay plots of OCR measurements from mito

rich vs. mito poor TCs (A) alone and (B) after CA-MSC coculture.

(C and D) Summary data of metabolic parameters for the mito rich vs. mito poor TCs (C)
alone and (D) after CA-MSC coculture. Each point represents the mean OCR value from an
independent experiment (77 = 4 paired samples; displayed p values obtained from Student’s t
test).
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Figure 6. Blocking CA-MSC mitochondrial transfer via MIRO1 KD eliminates the proliferation
and chemotherapy resistance benefit of TC coculture with CA-MSCs

(A) MIRO1 KD validation at the RNA (i) and protein (ii) level in CA-MSCs. WT =

wild-type control (n7=3).

(B) Proliferation of MIRO1 KD vs. control CA-MSCs demonstrated that MIRO1 KD did not
impact the viability or proliferation of CA-MSCs (n= 3).
(C) Quantification of mitochondrial transfer from control vs. MIRO1 KD CA-MSCs to

OVSAHO or PT412 TCs (n=3).

(D) Quantification of TC proliferation, represented as fold change from baseline at 48 h, in
mito rich vs. mito poor TC alone and with control or MIRO1 KD CA-MSC coculture (n=3

paired samples per coculture condition).

(E) Quantification of TC survival to increasing doses of cisplatin in mito rich vs. mito poor
TC alone and with control or MIRO1 KD CA-MSC coculture (n= 3 paired samples per

coculture condition).

(F) Composite extracellular flux OCR data in mito rich TC alone and with control vs.
MIRO1 KD CA-MSC coculture (n= 3 paired samples per coculture condition).

(G) Composite OCR data in mito poor TC alone and with control vs. MIRO1 KD CA-MSC
coculture. Each point is an independent experiment. *p < 0.05, t test. Mean and SEM are
represented (7= 3 paired samples per coculture condition).
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Data are presented as the mean + SEM; displayed p values obtained using Student’s t test
(A-Ciii and G) or one-way ANOVA (D-F). For all data, ns indicates not significant; *p <
0.05; **p< 0.01.
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Figure 7. Mitochondria donated from CA-MSCs is retained after TC transfer and in vivo
growth, and blockage of CA-MSC mitochondria transfer prolongs mouse survival and decreases

TC heterogeneity in a murine ovarian cancer model

(A) Representative images PT412+*MitoTrans ce||s 24 h post-isolation from coculture with
COX8-GFP-tagged CA-MSCs via FACS. (i) Maximum projection images. (ii) 3D rendering
of a subset of (i) with (iii) six representative z slices. Scale bar, 10 pm.

(B) (i) gPCR standard curves used to quantify the amount of CA-MSC and endogenous

TC mitochondrial DNA in TCs (n= 3). (ii) Ratio of CA-MSC to TC mtDNA in TCs after
coculture corresponding to immunofluorescence pictures in (A) and /n vivo TCs isolated
from TC:CA-MSC xenografts or TC:MIRO1 KD CA-MSC xenografts.

(C) (i) Quantification of TC survival when TCs were cocultured with CA-MSC vs.

MIRO1 KD CA-MSC. (ii) Flow cytometry analysis of isolated TCs with CA-MSC-donated

mitochondria.

(D) Sankey diagram demonstrating number of unique TC barcodes in the CA-MSC vs.

MIRO1 KD CA-MSC xenografts.

(E) Heatmap of the prevalence of the top 15 barcodes at each location in CA-MSC vs.
MIRO1 KD CA-MSC mice, indicating a larger diversity of dominate clones consistent with
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overall increased heterogeneity in the CA-MSC groups. Displayed p value obtained using
log rank test.
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REAGENTor RESOURCE SOURCE IDENTIFIER

Antibodies

a-CD105 BD Biosciences Cat#: 561443; RRID: AB_10714629
a-CD90 BD Biosciences Cat#: 555596; RRID: AB_395970
a-CD73 BD Biosciences Cat#: 560847; RRID: AB_10612019
a-CD45 BD Biosciences Cat#: 340664; RRID: AB_400074
a-CD36 BD Biosciences Cat#: 561536; RRID: AB_10893348
a-ANGPTL3 Abcam Cat#: ab118208; RRID: AB_10933535
a-ANGPTL3 (Evinacumab) Invitrogen Cat#: MA5-42049; RRID: AB_2911192

a-p44l/42 MAPK

Cell Signaling Technology

Cat#:

4370S; RRID: AB_2315112

a-total MAPK Cell Signaling Technology Cat#: 9107S; RRID: AB_10695739
a-pAktl Abcam Cat#: ab81283; RRID: AB_2224551
a-pan Akt Abcam Cat#: ab8805; RRID: AB_306791
a-MIRO1 Abcam Cat#: ab188029; RRID: AB_188029
a-COXIV Proteintech Cat#: 11242-1-AP; RRID: AB_2085278
a-beta actin Abcam Cat#: ab8227; RRID: AB_2305186
Bacterial and virus strains

ANGPTL3 Human shRNA Lentiviral Particle Origene Cat#: TL314795V

(Locus 1D 27329)

Human RHOT1 shRNA clones GeneCopoeia Cat#: HSH070029-LVRUEMP

Mitochondria Cyto-Tracer™, pCT-Mito-GFP System Biosciences Cat#: CYTO102-VA-1
(CMV)

Lentiviral Barcode Library 13k x 13k 30M Cellecta, Inc. Cat#: BC13X13-30M-P
Chemicals, peptides, and recombinant proteins

Recombinant human ANGPTLS3 protein Abcam Cat#: ah176028
SYBR green master-Mix Applied Biosystem Cat#: 4472908

RIPA buffer Thermo Fisher Scientific Cat#: 89900

NUuPAGE SDS gel Invitrogen Cat#: NW04122
Nitrocellulose Membrane Fisher Scientific Cat#: P177012
Cisplatin Fresenius-Kabi Cat#: 4015721
Celltrace Violet Thermo Fisher Scientific Cati: C34557
Mitotracker Deep Red Thermo Fisher Scientific Cat#: M22426
Trametinib Selleckchem Cat#: S2673

Seahorse XF Cell Mito Stress Test Agilent Technologies Cat#: 103010-100
Critical commercial assays

DNeasy Blood & Tissue Kit Qiagen Cat#: 69504
Mycoplasma Detection Kit, PCR Applied Biologic Materials, Inc. ~ Cat#: G238

Pierce BCA Protein Assay Kit Fisher Scientific Cat#: P123227
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REAGENTor RESOURCE

SOURCE

IDENTIFIER

SuperScript 111 First Strand Synthesis System

Fisher Scientific

Cat#: 18080-051

Human ANGPTL3 ELISA Kit Abcam Cat#: ab254510

Nucleospin RNA Extraction Kit Takada Bio Cat#: 740955.50

Deposited data

RNA sequencing Mendeley https://doi.org/10.17632/25s5258ynl1
Experimental models: Cell lines

OVCAR3 ATCC Cat#: HTB-161; RRID: CVCL_0465
OVSAHO Millipore Sigma Cat#: SCC294; RRID: CVCL_3114

Experimental models: Organisms/strains

NSG mice

The Jackson Laboratory

N/A

Software and algorithms

SnapGene Software
Rv4.1.3/RStudio 4.3.2
DESeq2 v1.20.0
clusterProfiler
Python v3.7.3
pandas v1.2.4
numpy v1.20.2
seaborn v0.11.2
plotly v5.7.0
GraphPad Prism v10
FlowJo v10.10.0
Wave Software

Dao et al.”
N/A

Love et al.”
Yuetal.”
N/A

N/A

Harris et al.™
Waskom,™
N/A

N/A

N/A

N/A

Www.snapgene.com
www.R-project.org
https://doi.org/10.18129/B9.bioc. DESeq2
https://doi.org/10.18129/B9.bioc.clusterProfiler
https://www.python.org/
https://pandas.pydata.org/

https://numpy.org/
https://seaborn.pydata.org/archive/0.11/index.html
https://plot.ly

www.graphpad.com

https://www.flowjo.com/

https://www.agilent.com/en/product/cell-analysis/real-
time-cell-metabolic-analysis/xf-software/seahorse-wave-
desktop-software-740897
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