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SUMMARY

Mitochondria undergo fission and fusion to maintain
homeostasis, and tumors exhibit the dysregulation of
mitochondrial dynamics. We recently demonstrated
that ectopic HRasG12V promotes mitochondrial
fragmentation and tumor growth through Erk phos-
phorylation of the mitochondrial fission GTPase Dy-
namin-related protein 1 (Drp1). However, the role of
Drp1 in the setting of endogenous oncogenic KRas
remains unknown. Here, we show that Drp1 is
required for KRas-driven anchorage-independent
growth in fibroblasts and patient-derived pancreatic
cancer cell lines, and it promotes glycolytic flux, in
part through the regulation of hexokinase 2 (HK2).
Furthermore, Drp1 deletion imparts a significant sur-
vival advantage in amodel of KRas-driven pancreatic
cancer, and tumors exhibit a strong selective pres-
sure against complete Drp1 deletion. Rare tumors
that arise in the absence of Drp1 have restored
glycolysis but exhibit defective mitochondrial meta-
bolism. This work demonstrates that Drp1 plays
dual roles in KRas-driven tumor growth: supporting
both glycolysis and mitochondrial function through
independent mechanisms.
INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is the fourth leading

cause of cancer-related death in the United States (Siegel

et al., 2018). With predicted increases in incidence over the

next decade and a 5-year survival rate of �8%, it is projected

to be the second leading cause by 2030 (Rahib et al., 2014; Sie-

gel et al., 2018). Up to 90% of PDAC cases harbor a mutation in

the gene encoding KRas (Cox et al., 2014; Ryan et al., 2014),

leading to its constitutive activation. This initiates a variety of pro-

cesses that are critical for tumor growth, including proliferation,

survival, and evasion of immune destruction (Hanahan and
Cell Re
This is an open access article under the CC BY-N
Weinberg, 2011; Pylayeva-Gupta et al., 2011). KRas and its

effector pathways facilitate these processes by rewiring meta-

bolic pathways to support the biosynthetic needs of the cancer

cell and to maintain redox homeostasis (Cohen et al., 2015; Kim-

melman, 2015; Pavlova and Thompson, 2016; Vander Heiden

and DeBerardinis, 2017). For example, oncogenic KRas

signaling induces glucose uptake and glycolysis in PDAC (Gaglio

et al., 2011; Ying et al., 2012) and promotes a non-canonical use

of glutamine for redox homeostasis (Son et al., 2013) and

increased macropinocytosis (Commisso et al., 2013; Kamphorst

et al., 2015). Furthermore, KRas-driven cancer cells use auto-

phagy to recycle and restore tricarboxylic acid (TCA) cycle meta-

bolic intermediates needed for both anabolic and bioenergetic

processes (Guo et al., 2011; Yang et al., 2011).

Mitochondria are major hubs of metabolic regulation. We and

others previously demonstrated that oncogenic Ras signaling

promotes mitochondrial fragmentation through Erk2-mediated

phosphorylation of the large mitochondrial fission guanosine tri-

phosphatase (GTPase) dynamin-related protein 1 (Drp1) (Kasha-

tus et al., 2015; Serasinghe et al., 2015). Notably, we found that

the activation of Raf or mitogen-activated protein kinase kinase

(MEK) was sufficient to induce mitochondrial fragmentation,

even in the absence of oncogenic Ras (Kashatus et al., 2015).

Furthermore, we showed that Drp1 is necessary for Ras-induced

transformation and tumor growth, suggesting that Drp1-depen-

dent mitochondrial fragmentation promotes physiological pro-

cesses that are important for tumorigenesis (Kashatus et al.,

2015; Serasinghe et al., 2015). Consistent with this, PDAC cell

lines and patient samples with hyperactive Ras or mitogen-acti-

vated protein kinase (MAPK) signaling exhibit activated Drp1 and

mitochondrial fragmentation, indicating that this pathway is

active in vivo (Kashatus et al., 2015).

The link between Ras and Drp1-dependent mitochondrial

fission joins a growing list of studies connecting oncogenic

signaling and mitochondrial dynamics (Kashatus, 2017; Vyas

et al., 2016). Shifts in the balance of mitochondrial fusion and

fission affect mitochondrial function, which can have physiolog-

ical consequences for tumor growth (Scatena, 2012; Vyas et al.,

2016), including changes in proliferation (Kashatus et al., 2011;

Qian et al., 2012), apoptosis (Martinou and Youle, 2011; Sheridan

and Martin, 2010), and metabolism (Roy et al., 2015).
ports 28, 1845–1859, August 13, 2019 ª 2019 The Author(s). 1845
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In this study, we sought to investigate the role of Drp1 in

models of cellular transformation and pancreatic cancer driven

by endogenous expression of oncogenic KRas and elevated

MAPK activity. We find that Drp1 is required for KRas-mediated

cell proliferation and cellular transformation in mouse embryonic

fibroblasts (MEFs) and human PDAC cell lines. Mechanistically,

knockdown of Drp1 results in decreased glycolytic flux in both

Ras-transformed MEFs and PDAC cells. In a genetically engi-

neered model of KRas-driven pancreatic cancer, deletion of

Drp1 leads to a significant survival advantage over littermates

with wild-type Drp1, and we observe a strong selective pressure

against the loss of both alleles of Drp1. Tumors that ultimately

arise with the complete loss of Drp1 exhibit profound metabolic

reprogramming. It is not surprising that Drp1�/� tumor cells

restore glycolytic metabolism, but the prolonged loss of mito-

chondrial fission leads to decreased mitochondrial function

and decreased fatty acid utilization. These results indicate that

Drp1 plays key roles in both glycolytic and oxidative metabolism

in KRas-driven tumors and suggests that Drp1 inhibition may

provide a therapeutic benefit to pancreatic cancer patients.

RESULTS

Drp1 Is Required for KRas-Driven Cellular
Transformation
Our previous studies demonstrated that Drp1 is required for sub-

cutaneous tumor growth driven by exogenous HRasG12V (Kasha-

tus et al., 2015). Given the distinct biological roles of HRas and

KRas and the different physiological outcomes of exogenous

versus endogenous expression of Ras (DeNicola et al., 2011;

Hobbs et al., 2016), we sought to determine the role of Drp1 in

the setting of oncogenic KRas. To that end, we isolated MEFs

from Trp53flox/flox (P), KrasLSL-G12D/+; Trp53flox/flox (KP), or

KrasLSL-G12D/+; Trp53flox/flox; Drp1flox/flox (KPD) mice, treated

them with adenoviral Cre to induce recombination, and isolated

clonal cell lines (Figures 1A and S1A). Consistent with our obser-

vations in HRasG12V-expressing HEK cells (Kashatus et al.,

2015), the expression of KRasG12D promotes a fragmented mito-

chondrial morphology (compare P to KP) that reverts to a more

connected morphology upon deletion of Drp1 (KPD) (Figure 1B).

While KP MEFs exhibit robust cellular expansion in vitro, the

deletion of Drp1 reduces cell expansion to the levels of the

KRasWT MEFs (Figures 1C and 1D). These effects are observed

in a second independent set of clonal cell lines (Figure S1B).

Furthermore, the deletion of Drp1 does not affect cell expansion
Figure 1. Drp1 Is Required for KRas-Driven Cellular Transformation

(A) Immunoblot analysis of Drp1, p-ERK, and total ERK in indicated MEFs.

(B) Representative immunofluorescence of mitochondrial morphology in the indic

Scale bars, 20 mm. Insets, mitochondria magnified.

(C and D) Cell expansion of indicated MEFs over 5 days (C) or 24 h (D) (represen

(E) Soft agar growth of indicated MEFs (n = 3).

(F) Immunoblot analysis of Drp1 in indicated MEFs.

(G) Soft agar growth of indicated MEFs after 3 weeks (n = 3).

(H) Immunoblot analysis of Drp1 in indicated PDAC cell lines; doxycycline dosage

no doxycycline provided below blot (representative result, n = 3).

(I) Cell expansion of indicated cells over 7 days (n = 3).

(J) Soft agar growth of indicated cells after 2 weeks (n = 3).

(K) Quantification for number of colonies >0.01 mm2 from (J) relative to shCtrl (n
in KrasWT MEFs (Figure S1C). Consistent with these effects, the

deletion of Drp1 leads to a loss of KRas-induced soft agar colony

formation in both sets of MEFs (Figures 1E and S1D). The re-

expression of murine Drp1 in KPD MEFs restores colony forma-

tion (Figures 1F and 1G). These data demonstrate that Drp1 is

necessary for KRas-driven cellular transformation and cell

accumulation.

Drp1 Is Required for Anchorage-Independent Growth in
Human PDAC Cell Lines
Next, to assess the role of Drp1 in pancreatic tumor cells, the

majority of which exhibit oncogenic KRas mutations and almost

invariably depend onMAPK activity, we developed a panel of pa-

tient-derived pancreatic cancer cell lines with different KRAS

mutational status (Bruns et al., 1999; Deer et al., 2010; Moore

et al., 2001) (Figure S1E) that express doxycycline-inducible

Drp1 small hairpin RNA (shRNA) (Figures 1H and S1F). Each

line has a KRas mutation at codon 12, except PDX-188t, which

encodes wild-type KRas at codons 12, 13, and 61, and each of

the lines exhibits high MAPK activity and is sensitive to ERK inhi-

bition (Gysin et al., 2005; Walters et al., 2013a). Inducible knock-

down of Drp1 in these cell lines reduces cell accumulation

following 7 days of culture (Figures 1I, S1G, and S1H). Further-

more, each cell line exhibits decreased soft agar growth

following Drp1 knockdown, and the two cell lines with the great-

est degree of knockdown (188t, L3.6pL) demonstrate the most

robust reduction in colony number (Figures 1J, 1K, S1I, and

S1J). Consistent with MEFs, these data demonstrate that Drp1

contributes to Ras-induced cell accumulation and anchorage-in-

dependent colony formation in human cells.

Loss of Drp1 Decreases KRas-Driven Glycolytic Flux
Although a number of mechanisms could account for the

requirement of Drp1 in KRas-driven transformation, we initially

investigated glycolysis because despite regular media changes,

themedia of the KPMEFs quickly becomes acidic, while the KPD

MEFs appear to maintain a more neutral pH, similar to the P cells

(Figure 2A). Consistent with this, glucose-induced extracellular

acidification rate (ECAR) and maximal ECAR increase in KP

MEFs compared with P cells (Figures 2B and S1K). Furthermore,

the deletion of Drp1 decreases both measurements, suggesting

that Drp1 is required for KRas-induced increases in glycolytic

flux (Figures 2B and S1K). We also observe an increase in extra-

cellular lactate in KP MEFs compared to P MEFs, which is

decreased upon Drp1 loss (Figure 2C), and KP MEFs exhibit
ated MEFs stained with Tom20 (mitochondria, green) and DAPI (nuclei, blue).

tative result, n = 3).

was 2 mg/mL for 48 h. Quantification of densitometry relative to shCtrl cells with

= 3).
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Figure 2. Loss of Drp1 Decreases KRas-Driven Glycolytic Flux

(A) Soft agar growth from Figure 1E to analyze media color.

(B) ECAR of indicated MEFs during a glycolysis stress test (GST). Glucose, oligomycin, and 2-deoxyglucose (2-DG) were added at the indicated time points

(representative result, n = 3).

(C) Extracellular lactate of indicated MEFs (n = 3).

(D) Radiotracer flux of 3H-glucose to 3H2O in indicated MEFs (n = 3).

(E) Calculated ECAR attributable to glycolysis of the indicated 14-day doxycycline-treated PDAC cell lines (n = 4).

(F) Radiotracer flux of 3H-glucose to 3H2O of the indicated 14-day doxycycline-treated PDAC cell lines (n = 3).
an increased flux of 3H-glucose to 3H2O compared to P and KPD

cells (Figures 2D and S1L). The re-expression of murine Drp1 in

the KPDMEFs is sufficient to increase ECAR to levels seen in KP

MEFs (Figure S1M).

To determine whether this decrease in glycolysis upon Drp1

inhibition extends to human PDAC cell lines, we repeated the

analysis on 188t and L3.6pL lines. Fourteen-day knockdown of

Drp1 reduces both ECAR and 3H2O production compared to

controls in both cell lines, which is consistent with the MEF

data (Figures 2E and 2F). These data suggest that Drp1 contrib-

utes to KRas-induced glycolytic metabolism in distinct cancer

models.

Drp1 Deletion Attenuates Hexokinase II Expression and
Glycolytic Flux
KRas can increase glucose flux through a variety of mecha-

nisms, including upregulation of glucose transporters (Ying

et al., 2012; Yun et al., 2009) and hexokinase activity (Patra
1848 Cell Reports 28, 1845–1859, August 13, 2019
et al., 2013). One candidate that may contribute to the Drp1-

dependent glycolytic flux seen in KRas-driven cells is hexoki-

nase-2 (HK2), which localizes to the mitochondrial outer

membrane and is constitutively active in KRas-driven cancers

(Patra et al., 2013; Pedersen, 2007). Notably, KRasG12D expres-

sion induces an increase in HK2 protein and mRNA levels that is

decreased upon the deletion of Drp1 (Figures 3A–3C and S1N).

Notably, KP MEFs also demonstrate increased levels of hypox-

ia-inducible factor 1-a (HIF1a), a known transcriptional regulator

of HK2 (Riddle et al., 2000), and the levels are decreased in the

KPD MEFs, similar to the expression pattern of HK2 (Figure 3D).

These data suggest a model in which Ras-induced HK2 expres-

sion requires the Drp1-dependent stabilization of HIF1a.

Stable re-expression of HK2 in KPD cells rescues ECAR to

the levels observed in KP cells, suggesting that the loss of

HK2 is sufficient to account for the loss of glycolytic flux (Fig-

ures 3E and 3F). Re-expression of HK2 in the KPD MEFs also

partially rescues soft agar growth (Figure 3G). These data
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Figure 3. Drp1 Deletion Attenuates Hexokinase II Expression and Glycolytic Flux

(A) Immunoblot analysis of HK2 and Drp1 in indicated MEFs (n = 3).

(B) Quantification of (A) (n = 3).

(C) Quantitative real-time PCR analysis of relative HK2 mRNA levels in the indicated MEFs (n = 3).

(D) Immunoblot analysis of HK2, HIF1a, and Drp1 in indicated MEFs.

(E) Immunoblot analysis of HK2, Drp1, p-ERK, and t-ERK in indicated MEFs.

(F) ECAR of the indicated MEF lines during a GST (representative result, n = 3).

(G) Soft agar growth of indicated MEFs after 3 weeks quantified for colonies >0.001 in2 (representative result, n = 3).
demonstrate that the Drp1-dependent regulation of HK2 is crit-

ical for the KRasG12D-induced increase in glycolytic flux and

contributes to the role that Drp1 plays in KRas-driven

transformation.

Loss of Drp1 Inhibits PDAC Progression
To test whether the requirement for Drp1 for KRas-induced

transformation extends to an in vivo setting, we crossed

KrasLSL-G12D/+; Trp53flox/flox; Pdx-1-CreERTg/+ mice (29) to mice

harboring two floxed alleles of Drp1 (Wakabayashi et al., 2009)

to generate KPDC mice. We injected 30 mice of each genotype

(KrasLSL-G12D/+; Trp53flox/flox; Pdx-1-CreERTg/+ ; Drp1+/+ OR

Drp1flox/flox) with tamoxifen after weaning and monitored them

for tumor development. Consistent with a role for Drp1 in

KRas-driven tumor growth in vivo, Drp1flox/flox mice exhibit a

45-day survival advantage compared toDrp1WTmice (Figure 4A).

Notably, all KPDC mice bore moderately to poorly differentiated

PDAC at endpoint, regardless of Drp1 status (Figures 4B and

4C). The masses of tumors, frequency of tumor sequelae, and
overall weight gain were similar between Drp1WT and Drp1flox

mice (Figures S2A–S2C).

We sought to determine whether Drp1flox mice progress to

adenocarcinoma slower than Drp1WT mice, which could

contribute to the survival advantage we observe. PDAC is pro-

posed to arise following progression through a series of precur-

sor lesions, with pancreatic intraepithelial neoplasias (PanINs)

most abundantly found in this KPC model (Gidekel Friedlander

et al., 2009; Guerra and Barbacid, 2013). Pancreata from both

Drp1flox and Drp1WT mice exhibit all subtypes of PanINs when

analyzed either 40 or 60 days after tamoxifen injection (Fig-

ure S2D). Although there are no differences in lesions after

40 days, Drp1flox mice exhibit decreased PanIN3, but not

PanIN1/2 lesions compared to Drp1WTmice 60 days following in-

jection, suggesting that the loss of Drp1 impairs the progression

to PanIN3 and explaining, at least in part, the survival advantage

observed for the Drp1flox mice (Figure 4D).

The incomplete inhibition of PanIN development and eventual

emergence of PDAC in the Drp1flox mice led us to speculate
Cell Reports 28, 1845–1859, August 13, 2019 1849
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that these mice experience incomplete Drp1 excision, espe-

cially given previously described selective pressures against

Drp1 knockdown in PDAC lines (Kashatus et al., 2015). To

that end, we evaluated Drp1 expression by immunohistochem-

istry (IHC) in tumors collected at necropsy by thresholding Drp1

staining to Drp1�/� MEF� controls (Figures S2E and S2F).

Drp1flox tumors exhibit regions with tumor cells that retain

Drp1 expression as well as regions with a complete loss of

Drp1 (Figure 4E). Although some Drp1 recombination can be

detected by PCR in all of the Drp1flox tumors examined (Fig-

ure S2G), none demonstrated a complete loss of Drp1 (Fig-

ure S2H). Furthermore only 2/33 PanIN3 lesions from Drp1flox

mice evaluated 60 days after injection demonstrated a com-

plete loss of Drp1 (Figure S2I).

Consistent with our previous observations in patient PDAC

specimens (Kashatus et al., 2015), mitochondria fromDrp1WT tu-

mors exhibit a highly fragmented morphology (Figure 4F).

Drp1flox tumors, however, exhibit a heterogeneous morphology,

with regions of both highly fragmented andmore elongatedmito-

chondria, consistent with the incomplete deletion of Drp1 (Fig-

ure 4F). These data suggest that Drp1 loss inhibits KRas-driven

tumor growth in an in vivo PDACmodel and that strong selective

pressure against Drp1 loss leads to cells in which Drp1 excision

is incomplete.

Drp1�/� Tumor Cell Lines Exhibit Metabolic
Reprogramming
To further investigate the physiological changes that may occur

as a consequence of or adaptation to the prolonged loss of Drp1

in vivo, we generated cell lines from Drp1WT and Drp1flox tumors.

Consistent with IHC, many clones, but not all, derived from

Drp1flox tumors retain one allele of Drp1 (Figure 5A). Both Drp1WT

and Drp1Fl/� cell lines exhibit fragmented mitochondria, demon-

strating that one allele of Drp1 is sufficient to support KRas-

drivenmitochondrial fragmentation (Figures 5B and 5C). Drp1�/�

cell lines, however, exhibit elongated, tubular mitochondria,

which is consistent with a loss of mitochondrial fission capability

(Figures 5B and 5C). Drp1WT and Drp1�/� cells form tumors of

comparable volume 20 days after orthotopic injection into the

pancreata of immunodeficient mice (Figure 5D). Given that dele-

tion or knockdown of Drp1 in both MEFs and PDAC cell lines

impairs cell accumulation and growth in soft agar, these data

suggest that the Drp1�/� tumor cells have acquired a set of

physiological adaptations that allow them to overcome the loss

of Drp1.

Given the decrease in glycolytic flux upon deletion or knock-

down of Drp1 in MEFs and patient-derived PDAC cell lines, we
Figure 4. Loss of Drp1 Inhibits PDAC Progression

(A) Overall survival of Drp1WT (gray line) and Drp1flox/flox (black line) KPDC mice (

(B) Representative gross images of PDAC (black dashed outline) and liver metas

(C) Tumor sections of indicated genotypes and stained with H&E. Scale bars, 30

(D) Drp1WT and Drp1flox/flox KPDC mice 40 days (left panel; n = 4 mice per geno

tamoxifen injection quantified for all pancreatic lesions.

(E) Drp1 IHC of tumors. Low-magnification H&E (top row, left) and correspondin

regions within tumors of the top panel (rows 2 and 4). Color-deconvoluted image

2 mm (top row).

(F) Representative immunofluorescence analysis ofmitochondrial morphology in p

an anti-mitochondria antibody (red) and DAPI (nuclei, blue). Insets, mitochondria
analyzed those parameters in the murine tumor-derived cell

lines. Unlike MEFs, cells that have formed tumors in the

absence of Drp1 express HK2 at levels comparable to those

expressing Drp1 and exhibit a comparable glycolytic flux of ra-

diolabeled glucose (Figures 5E and 5F). These data suggest

that the restoration of glycolytic flux is an important adaptation

to allow for tumor growth following Drp1 loss. To further test

this, we analyzed glycolysis in 188t and L3.6pL under condi-

tions of sustained Drp1 knockdown. While glycolysis is

decreased 2 weeks following doxycycline induction, the levels

are restored following 4 and 10 weeks (Figures S3A–S3D),

which is consistent with a model in which Drp1�/� cells over-

come the decrease in Drp1-mediated glycolytic flux for tumor

progression to occur.

Despite a lack of glycolytic differences in Drp1 null tumor

cells, the intimate relation between mitochondrial biology, dy-

namics, and metabolism (Roy et al., 2015; Wai and Langer,

2016; Zorzano et al., 2010) led us to interrogate additional

metabolic differences between Drp1WT and Drp1�/� cells.

Thus, we performed global metabolomics profiling on two

Drp1WT and two Drp1�/� cell lines (Table S1). Two-dimen-

sional principal-component analysis (PCA) reveals that each

cell line clusters distinctly from one another (Figure 5G), while

hierarchical clustering illustrates that each of the cell lines seg-

regates on independent branches of a metabolite dendrogram

(Figure 5H), demonstrating the expected tumor cell heteroge-

neity. Drp1 null cell lines cluster away from Drp1WT cells,

particularly along component 1, the largest contributor of the

variance (Figure 5G), suggesting that Drp1 expression contrib-

utes significantly to the global metabolic phenotype of KRas-

driven tumor cells. Also, hierarchical clustering demonstrates

that the two Drp1WT cell lines segregate together on an inde-

pendent branch from the two Drp1�/� cell lines (Figure 5H).

The heatmap demonstrates distinct classes of metabolites

dysregulated between Drp1�/� and Drp1WT cells, suggesting

that Drp1 loss leads to distinct metabolic reprogramming

either as a direct consequence of or an adaptation to the

loss of Drp1 function (Figure 5H).

We next performed pathway analyses using two independent

metabolomics platforms—pathway enrichment analysis on the

set of 350 metabolites significantly different between the pair-

wise comparison of all Drp1�/� and Drp1WT samples and topo-

graphical pathway analyses of our entire dataset identified the

TCA cycle and fatty acid metabolism (i.e., glycerophospholipid)

as potential top pathways that contribute to the global metabolic

reprogramming occurring upon the loss of Drp1 in our KRas-

driven cancer cells (Figures 5I and S4A).
n = 30 mice per group).

tases (white arrows).

0 mm.

type) or 60 days (right panel; n = 6 mice [Drp1WT]; 8 mice [Drp1flox/flox]) after

g IHC images of tumor (top row, right). High-magnification IHC images from

of high-magnification IHC image (rows 3 and 5). Scale bars, 300 mm (rows 2–5);

ancreatic tumors harvested fromDrp1WT and Drp1flox/floxmice and stainedwith

magnified.
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Drp1�/� Tumor Cells Exhibit Impaired Fatty Acid
Oxidation and Dysfunctional Mitochondrial Respiration
The levels of succinate are increased in both Drp1�/� lines

compared to Drp1WT, while the levels of fumarate are decreased

(Figure 6A), suggesting a defect in succinate dehydrogenase

(SDH) activity. As SDH is involved in both the TCA cycle and

the electron transport chain (ETC), defective SDH activity would

be predicted to result in decreased activity in both. Consistent

with this, the Drp1�/� cells exhibit an increased NAD+:NADH ra-

tio compared to the Drp1WT cells (Figure 6B). Furthermore, the

three Drp1�/� tumor cell lines that we tested exhibit decreased

spare respiratory capacity compared to three Drp1WT lines (Fig-

ure 6C), indicating a loss in ETC function.

These data suggest that sustained loss of Drp1 in these tumor

cells results in mitochondrial dysfunction. We next analyzed

mitochondrial function in PDAC cells expressing an inducible

Drp1 shRNA. Consistent with the proposed model, 10-week

knockdown of Drp1 leads to a significant decrease in maximal

respiration when compared with the 4-week knockdown in

both 188t and L3.6pL cells (Figure S3E).

This decrease in mitochondrial function and the identification

of glycerophospholipid as a pathway altered in Drp1�/� cells

prompted us to assess lipid metabolism. Consistent with dimin-

ished mitochondrial function, Drp1�/� cell lines exhibit

decreased oxidation of 14C-labeled palmitate compared to

Drp1WT cells (Figure 6D). Furthermore, the metabolomics data

reveal that the levels of short-chain acylcarnitines (C4, C6, and

C8) are increased in the Drp1�/� cells compared to the Drp1WT

cells (Figure 6E). The accumulation of acylcarnitines is associ-

ated with inefficient fatty acid oxidation (Kler et al., 1991). These

data suggest that mitochondrial metabolism in general and fatty

acid oxidation specifically are impaired in tumor cells that have

arisen in the absence of Drp1.

The apparent defects in fatty acid oxidation led us to broadly

examine lipid metabolites in the tumor cells. The levels of several

fatty acids and lysolipids with diverse chain length and saturation

were decreased in Drp1�/� cell lines compared to Drp1WT cells

(Figures 6F and S4B). Despite this, the levels of the correspond-

ing phospholipids were not significantly different (Figures 6F and

S4B). These data suggest that cells adapt to decreased mito-

chondrial efficiency either by storing fatty acids in the neutral

lipid compartment to protect against the toxic buildup of fatty

acids or, less likely, increasing the utilization of fatty acid fuels

to compensate for the loss of mitochondrial efficiency. Both of

these models would predict an overall decrease in the steady-

state levels of free fatty acids.
Figure 5. Drp1�/� Tumor Cell Lines Exhibit Metabolic Reprogramming

(A) PCR on indicated cell lines; top panel detects recombination of Drp1flox allele

(B) Identical PCR reactions as in (A) and immunoblot analysis for Drp1 on indica

(C) Representative immunofluorescence staining of mitochondrial morphology

(mitochondria, green) and stained with DAPI (nuclei, blue).

(D) Tumor mass of indicated cell lines 20 days after orthotopic injection into the

(E) Immunoblot analysis of HK2 and Drp1 in indicated tumor cell lines (represent

(F) Radiotracer flux of 3H-glucose to 3H2O in indicated cell lines (n = 3).

(G) Principal-component analysis of metabolomics profiles for six replicates of e

(H) Hierarchical cluster analysis on all of the metabolites detected in (G).

(I) Topographical pathway enrichment analysis on metabolomics data from indic
Drp1�/� Tumor Cells Exhibit Impaired Fatty Acid
Trafficking
To distinguish between these two models and to determine

whether fatty acids are mobilized differentially in Drp1�/� tu-

mor-derived cells compared to Drp1WT cells, we performed a

pulse-chase experiment to visualize fatty acid trafficking into

and out of lipid droplets using BODIPY 558/568 C12 (Red

C12), a fluorescent fatty acid that traffics similar to palmitate (Fig-

ure 7A) (Rambold et al., 2015). We pulsed cells for 12 h with Red

C12 and followed with a chase for 25 h. At 1 h, we observed a

high degree of colocalization between the Red C12 and BODIPY

493/503, a marker for lipid droplets (LDs), in both Drp1�/� and

Drp1WT cells, suggesting that both cells are able to take up

and store fatty acids equivalently (Figures 7B, 7C, S5, and S6).

After 13 and 25 h, we observed a decrease in the Red C12-LD

colocalization in all Drp1WT cell lines but not in the Drp1�/� lines

(Figures 7B, 7C, S5, and S6). These data suggest that the loss of

mitochondrial function in Drp1�/� cells leads to a defect or delay

in fatty acid mobilization away from LD stores. Consistent with

this interpretation, the pharmacological inhibition of adipose tri-

glyceride lipase (ATGL), an enzyme that breaks down triglycer-

ides to mobilize fatty acids for oxidation, largely phenocopies

the fatty acid mobilization defect in Drp1WT cells, but it has little

or no effect on Drp1�/� cells (Figures 7B, 7C, S5, and S6).

The observed defect in fatty acidmobilization could either be a

direct consequence of Drp1 loss or an adaptation or response to

the loss in mitochondrial function observed in these cells. To

distinguish between these two possibilities, we repeated the

pulse-chase experiment in the MEFs. Like the tumor cell lines,

each MEF line exhibits a high degree of Red C12-LD colocaliza-

tion after a 1-h chase (Figure S7). However, at 25 h, KP but not

P MEFs exhibit a decrease in Red C12-LD colocalization,

demonstrating that KRas promotes increased fatty acid egress

from LDs (Figure S7). KPD MEFs exhibit a similar degree of

Red C12-LD colocalization as the KP MEFs, indicating that the

loss of Drp1 in MEFs does not directly affect fatty acid trafficking

(Figure S7) and suggesting the defect observed in the Drp1�/�

tumor cell lines is instead a consequence of impaired mitochon-

drial function.

Given the defects we observe in mitochondrial metabolism

and lipid oxidation, we sought to determine whether these de-

fects reveal vulnerabilities in tumor cells that have arisen without

Drp1. By seeding Drp1WT and Drp1�/� cells under a variety of

nutrient conditions, we found that while removal of either glucose

or glutamine had equivalent effects on cell viability, the removal

of both, leaving serum as the sole source of carbon, led to a
; bottom panel detects the floxed Drp1 allele.

ted cell lines.

in cells transiently transfected with mito-yellow fluorescent protein (YFP)

pancreata of immunocompromised mice (n = 4 mice per cell line).

ative result, n = 3).

ach of the indicated cell lines.

ated cell lines.

Cell Reports 28, 1845–1859, August 13, 2019 1853



α-Ketoglutarateα Ketoglutarate Succinate

Sc
al

ed
 V

al
ue

 (a
.u

.)

0.6
0.8
1.0

1.4
1.2

Succinate

6

FumarateMalate

Drp1WT Drp1-/-

Sc
al

ed
 V

al
ue

 (a
.u

.)

0
0.5
1.0
1.5
2.0
2.5

Sc
al

ed
 V

al
ue

 (a
.u

.)

0
0.5
1.0

1.5
2.0

12
8

25
3

10
9-

3
14

5-
1

12
8

25
3

10
9-

3
14

5-
1

12
8

25
3

10
9-

3
14

5-
1Sc

al
ed

 V
al

ue
 (a

.u
.)

0
0.5

1.0
1.5
2.0

12
8

25
3

10
9-

3
14

5-
1

Drp1WT Drp1-/-

Drp1WT Drp1-/- Drp1WT Drp1-/-

TCA Cycle Succinate
Dehydrogenase

C

12
8

25
3

65
0

10
9-

3
14

5-
1

12
3

Drp1WT Drp1-/-

Spare Respiratory Capacity

0

0.005

0.010

O
C

R
 (p

m
ol

/m
in

/c
el

l) 0.020

0.015

***

B

Drp1WT Drp1-/-

128 253 109-3 145-1
0

5

10

15

N
AD

+/
N

AD
H

 R
at

io

****

D

12
8

25
3

65
0

10
9-

3
14

5-
1

12
30

1.0

0.5

1.5

R
el

at
iv

e 
14

C
O

2/c
el

l

14C-palmitate 14CO2

Drp1WT Drp1-/-

****

Drp1WT Drp1-/-

1-Palmitoyl-2-Oleoyl-GPC

Sc
al

ed
 V

al
ue

 (a
.u

.)

0

0.5

1.0

1.5
1-Palmitoleoyl-2-Oleoyl-GPC

Sc
al

ed
 V

al
ue

 (a
.u

.)

0

0.5

1.0

1.5

2.0
1-Stearoyl-2-Oleoyl-GPC

Sc
al

ed
 V

al
ue

 (a
.u

.)

0

0.5

1.0

1.5

Palmitate

Sc
al

ed
 V

al
ue

 (a
.u

.)

0
1
2
3
4
5 Palmitate Palmitoleate

Sc
al

ed
 V

al
ue

 (a
.u

.)

0
1
2
3
4
5 Palmitoleate Stearate

Sc
al

ed
 V

al
ue

 (a
.u

.)

0
1
2
3
4
5 Stearate Oleate

Sc
al

ed
 V

al
ue

 (a
.u

.)

0

1

2

3

4 Oleate

1,2-Dioleoyl-GPC

Sc
al

ed
 V

al
ue

 (a
.u

.)

0

0.5

1.0

1.5

12
8

25
3

10
9-

3
14

5-
1

12
8

25
3

10
9-

3
14

5-
1

12
8

25
3

10
9-

3
14

5-
1

12
8

25
3

10
9-

3
14

5-
1

12
8

25
3

10
9-

3
14

5-
1

12
8

25
3

10
9-

3
14

5-
1

12
8

25
3

10
9-

3
14

5-
1

12
8

25
3

10
9-

3
14

5-
1

Drp1WT Drp1-/- Drp1WT Drp1-/- Drp1WT Drp1-/-

E

Drp1WT Drp1-/-

butyrylcarnitine (C4)

Sc
al

ed
 V

al
ue

 (a
.u

.)

0

2

4

6

12
8

25
3

10
9-

3
14

5-
1

Drp1WT Drp1-/-

hexanoylcarnitine (C6)

Sc
al

ed
 V

al
ue

 (a
.u

.)

0

1

2

3

12
8

25
3

10
9-

3
14

5-
1

Drp1WT Drp1-/-

octanoylcarnitine (C8)

Sc
al

ed
 V

al
ue

 (a
.u

.)

12
8

25
3

10
9-

3
14

5-
10

0.5

1.0

1.5

A

F

(legend on next page)

1854 Cell Reports 28, 1845–1859, August 13, 2019



statistically significant difference in viability (Figure 7D). Notably,

this was not rescued by supplementation with galactose, which

can produce net ATP only through mitochondrial oxidation.

Thus, these data suggest that Drp1�/� cells are more sensitive

to conditions that force reliance on fatty acid oxidation and mito-

chondrial metabolism.

DISCUSSION

In this study, we have demonstrated that Drp1 is required for

KRas-driven transformation of both murine and human cells

and for KRas-driven tumor growth in a mouse model of pancre-

atic ductal adenocarcinoma. These findings are consistent with

previous literature that has demonstrated the importance of

Drp1 and mitochondrial fission in a variety of tumor models,

including melanoma (Serasinghe et al., 2015; Wieder et al.,

2015), lung cancer (Rehman et al., 2012), and ovarian cancer

(Tanwar et al., 2016). We found that one key role for Drp1 in

Ras-driven transformation is to support increased glycolysis

through the maintenance of Ras-induced HK2 expression. The

defects in transformation observed upon Drp1 knockout

in vitro are also observed in vivo, as Drp1Fl/Fl mice exhibit fewer

high-grade precursor lesions and a 45-day survival advantage

over Drp1WT mice in an inducible model of PDAC. Furthermore,

the frequent retention of a single allele of Drp1 in Drp1Fl/Fl mice

suggests that there is selective pressure against Drp1 loss and

argues strongly that Drp1 plays an important role in tumorigen-

esis. In the relatively rare Drp1 null tumor cells that arise in this

model, the prolonged loss of mitochondrial fission results in sig-

nificant mitochondrial dysfunction, which leads to specific vul-

nerabilities to conditions that force mitochondrial metabolism.

These findings propose a model in which Drp1 plays two key

roles to support KRas-driven transformation and tumor growth.

First, Drp1 supports enhanced glycolytic flux, at least in part

through the maintenance of HK2 expression. Second, Drp1 sup-

ports the maintenance of mitochondrial function, presumably by

promoting homeostatic fusion and fission cycles and allowing for

the selective autophagy of damaged organelles. Ultimately,

these dual roles for Drp1 can account for the significant survival

advantage we observe in the Drp1Fl/Fl mice, as tumors in these

mice necessarily arise from cells that have lost only one allele

of Drp1, whichwill be fewer than the number of potential initiating

cells in the Drp1WT mice, or from cells that have overcome the

loss of glycolytic metabolism through additional genetic events.

The dual metabolic effects we observe upon Drp1 ablation in

the setting of oncogenic KRas raise several important questions.

First, how does Drp1 loss lead to reduced HK2 mRNA and pro-

tein? There is an increasing appreciation for the importance of

mitochondria to nucleus signaling (Cardamone et al., 2018; Ko-
Figure 6. Drp1�/� Tumor Cells Exhibit Impaired Fatty Acid Oxidation a

(A) Scaled abundance of indicated metabolites in indicated cell lines (n = 6 replic

(B) NAD+:NADH ratio calculated from metabolomics dataset in indicated cell line

(C) Calculated spare respiratory capacity oxygen consumption rate (OCR) of ind

(D) Radiotracer flux of 14C-palmitate to 14CO2 (n = 3).

(E) Scaled abundance of indicated acylcarnitines of the indicated cell lines (n = 6

(F) Scaled abundance of four phosphatidylcholine (PC) species (top row) and corre

cell type).
tiadis et al., 2014), and we speculate that disruption of the

fusion-fission balance leads to changes in specific metabolites

that play a direct or indirect role in the regulation of HK2 tran-

scription. For example, acetyl-coenzyme A (CoA) levels can

affect transcription via post-translational modifications on his-

tones and transcriptional regulators such as HIF1a (Fan et al.,

2015). In addition, a-ketoglutarate (AKG) levels can modulate

the activity of AKG-dependent dioxygenases, which affect tran-

scription, including through indirect activation of HIF1a (Riddle

et al., 2000; Zdzisi�nska et al., 2017). Consistent with this, we

observe a Drp1-dependent increase in HIF1a upon the expres-

sion of oncogenic Ras in MEFs, suggesting that Drp1 may be

affecting transcriptional activity through the regulation of mito-

chondrial metabolism. These findings also raise the intriguing

possibility that this phenotype is a part of a larger transcriptional

program regulated byDrp1. The lack of a complete rescue of col-

ony formation despite the robust expression of HK2 suggests

that other factors downstream of Drp1 are involved.

Second, how does the loss of mitochondrial fission lead to

impaired TCA and ETC activity? We speculate that successive

population doublings without fission lead to the accumulation

of damage to mtDNA and/or direct oxidative damage to other

macromolecules within the matrix, ultimately leading to

decreased ETC function. This has been observed in a number

of systems in which the fusion-fission balance has been disrup-

ted (Meyer et al., 2017; Youle and van der Bliek, 2012). ETC

dysfunction would promote additional mitochondrial damage

through the generation of reactive oxygen species. In addition,

the loss of Drp1 andmitochondrial fissionmay disrupt normalmi-

tophagy, leading to the additional accumulation of dysfunctional

mitochondria. Themitochondrial dysfunction we observe ismost

apparent in fatty acid utilization, in which loss of Drp1 reduces

efficient fatty acid oxidation. The fact that we do not observe

this defect in Drp1�/� MEFs suggests that it is a consequence

of reduced mitochondrial function rather than a direct conse-

quence of Drp1 loss. This suggests the possibility that cells

slow or halt the transport of fatty acids from LDs if they are un-

able to be efficiently oxidized in the mitochondria. Overall, the

lack of efficient fatty acid utilization and mitochondrial function

has a fitness consequence as nutrient conditions that force reli-

ance on fatty acid utilization are more detrimental to Drp1 null tu-

mor cells.

Drp1 also regulates the fission of peroxisomes (Koch et al.,

2003), organelles that catabolize very-long-chain fatty acids via

b-oxidation (Smith and Aitchison, 2013). Although the assay us-

ing 14C-palmitate is specific for mitochondrial function (Wanders

et al., 2001), it is likely that impaired peroxisomal fission and sub-

sequent peroxisomal dysfunction also contribute to the defects

in lipid metabolism observed in Drp1 null tumor cells.
nd Dysfunctional Mitochondrial Respiration

ates per cell type).

s. (n = 6 replicates per cell type).

icated cell lines (n = 3).

replicates per cell type).

sponding fatty acids (bottom row) of the indicated cell lines (n = 6 replicates per
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(A) Schematic of Red C12 cellular processing.

(B) Representative confocal fluorescence images of Red C12 pulse-chase over 25 h in indicated cell lines. Red C12 (fatty acids, magenta), BODIPY 493/503

(lipid droplets, green), and DAPI (nuclei, blue). Scale bars, 20 mm.

(C) Quantification using Pearson’s correlation coefficient from (B) and Figure S5. (n = 3 [128 and 109-3 lines]; n = 2 [remaining cell lines], R50 cells analyzed per

time point per cell line).

(D) Cell expansion of indicated cell lines under specified nutrient conditions following 24 h in culture (representative result, n = 3).
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Ultimately, our work suggests that the inhibition of Drp1 in can-

cer may have therapeutic value, either as a single agent or in

combination with other approaches. For instance, an approach

that targets Drp1 along with mitochondrial function (e.g., ETC in-

hibitors, uncouplers) or fatty acid oxidation (carnitine palmitoyl-

transferase [CPT] inhibitors) may have particular value, given

the vulnerability we identified in Drp1 null tumor cells. Although

clinically useful pharmacologic inhibitors of Drp1 are not yet

available, this work provides important rationale for the further

development of these agents or the identification and develop-

ment of available compounds that indirectly affect Drp1 or

mitochondrial morphology.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Drp1 Abcam Ab184247

p44/42 MAPK (Erk 1/2) Cell Signaling Technology CST-9102; RRID: AB_330744

phospho-p44/42 MAPK (Erk 1/2) T202/Y204 Cell Signaling Technology CST-9101; RRID: AB_331646

HK2 (C64G5) Cell Signaling Technology CST-2867; RRID: AB_2232946

Hif1a Cell Signaling Technology CST-3716; RRID: AB_2116962

b-Tubulin (9F3) Cell Signaling Technology CST-2128; RRID: AB_823664

b-Actin (D6AB) Cell Signaling Technology CST-8457; RRID: AB_10950489

GAPDH (D16H11) Cell Signaling Technology CST-5174; RRID: AB_10622025

anti-Mitochondria antibody (clone 113-1,

Cy3 conjugate)

EMD Millipore MAB1273C3; RRID: AB_2631100

Biological Samples

Patient-derived xenografts (PDX) Walters et al., 2013b N/A

Chemicals

Atglistatin Sigma SML1075

Glucose, D-[3-3H] Perkin-Elmer NET331C001MC

Glucose, D-[14C (U)] Perkin-Elmer NEC042X250UC

oligomycin Millipore 495455

2-deoxyglucose Chem-Impex 21916

BAM15 Cayman 17811

Rotenone Sigma R8875

Antimycin A Sigma A8674

Phusion HF DNA Polymerase New England Biolabs M0530

EnVision FLEX Target Retrieval Solution Dako, Glostrup, Denmark GV80411-2 (Agilent)

3,30-diaminobenzidine tetrahydrochloride (DAB+)

chromogen

Dako, Glostrup, Denmark GV82511-2 (Agilent)

Critical Commercial Assays

CellTiter-Glo Luminescent Cell Viability assay Promega G7572

CyQUANT Cell Proliferation Assay ThermoFisher C7026

Mitochondrial Stress Test Seahorse Biosciences 103015-100

Glycolysis Stress Test Seahorse Biosciences 103020-100

Lactate-Glo Luminescent assay Promega J5021

Experimental Models: Cell Lines

PDX 188t Walters et al., 2013b N/A

PDX 395t Walters et al., 2013b N/A

L3.6pL Bruns et al., 1999 Gift from Dr. Kim Kelly

CFPac Moore et al., 2001 Gift from Dr. Kim Kelly

109, 123, 128, 132, 143, 145, 253, 410, 650 (+ clones) This Paper N/A

P.1, KP.1, KPD.1, P.2, KP.2, KPD.2 This Paper N/A

Experimental Models: Organisms/Strains

LSL-KRasG12D/+; TP53flox/flox Jackson et al., 2005 Gift of Kwon Park

Pdx1-Cre-ERTM Gidekel Friedlander et al., 2009 Jackson Laboratory

Drp1flox/flox Wakabayashi et al., 2009 N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides

HK2 Forward: 50-TGATCGCCTGCTTATTCACGG-30 Shi et al., 2011 N/A

HK2 Reverse: 50-AACCGCCTAGAAATCTCCAGA-30 Shi et al., 2011 N/A

ActB Forward: 50-TGACGTTGACATCCGTAAAG-30 Yan et al., 2016 N/A

ActB Reverse: 50-GAGGAGCAATGATCTTGATCT-30 Yan et al., 2016 N/A

Ubc Forward: 50-GCCCAGTGTTACCACCAAGA-30 Yan et al., 2016 N/A

Ubc Reverse: 50-CCCATCACACCCAAGAACA-30 Yan et al., 2016 N/A

Recombinant DNA

pLenti CMV TetR Blast Campeau et al., 2009 Addgene #17492

pSuperior-Retro-Puro-scramble Kashatus et al., 2015 N/A

pSuperior-Retro-Puro-shDrp1 Kashatus et al., 2015 Addgene #99385

Software and Algorithms

ImageScope Annotations tool Leica Biosystems https://www.leicabiosystems.com/digital-

pathology/manage/aperio-imagescope/
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, David

Kashatus (kashatus@virginia.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse Strains and Tamoxifen Injections
LSL-KRasG12D/+; TP53flox/floxmice (Jackson et al., 2005) were provided by Dr. Kwon Park (University of Virginia), and Pdx1-Cre-ERTM

mice were purchased from Jackson Laboratory. These three lines were intercrossed along with Drp1flox/floxmice (Wakabayashi et al.,

2009) to produce LSL-KRasG12D/+; TP53flox/flox; Drp1flox/flox; Pdx1-Cre-ERTM or LSL-KRasG12D/+; TP53flox/flox; Drp1WT;

Pdx1-Cre-ERTM (KPDC) mice for subsequent studies. Mice from independent litters were analyzed to control for mixed background

effects. Mice were enrolled independently of sex. The primers used for genotyping were previously described (Gidekel Friedlander

et al., 2009; Wakabayashi et al., 2009).

Mice (of either sex) with the desired genotypes were treated with tamoxifen on postnatal days 22, 24, and 26 by intraperitoneal

injection (IP) of 9mg/40 g body weight in corn oil. In accordance with institutional guidelines, mice were monitored and euthanized

when mice reached pre-determined endpoints or exhibited features associated with disease such as weight loss. All animal studies

and procedures were approved by the University of Virginia Institutional Animal Care and Use Committee.

Generation of Mouse Embryonic Fibroblasts and Tumor-Derived Cell Lines
To generate clonal MEFs, we isolated E13.5-E14.5 aged embryos, removed fetal heart and liver structures, and digested remaining

tissue both mechanically and enzymatically with 0.1% Trypsin (GIBCO) for 5 minutes at 37�C. Cell suspension from digested tissue

was cultured overnight in DMEM supplemented with 10% FBS. Adherent cells were serially diluted and plated in 96-well plates. Sin-

gle cell clones were identified and expanded.

To generate the tumor-derived cell lines, a�10mm3 tumor piece was isolated at necropsy. The tumor was mechanically and enzy-

matically digested with 2mg/mL Collagenase (MP Biomedical) in DMEM supplemented with 10% FBS for 30 minutes at 37�C. All
tumor tissues were cultured overnight in DMEM supplemented with 10% FBS. Adherent cells were isolated, serially diluted, and

plated in 96-well plates. Single cell clones were identified and expanded.

Generation of Doxycycline Inducible Patient-Derived Cell Lines
PDAC tumor sample MAD 12-188 (cell line 188t) was generated from remnant human tumor surgical pathology specimens collected

with assistance from the University of Virginia Biorepository and Tissue Research Facility and with the approval of the University of

Virginia Institutional Review Board for Health Sciences Research following informed written consent from each patient as previously

described (Walters et al., 2013b). Cell lines were authenticated by the University of Virginia Biomolecular Research Facility.

To generate doxycycline inducible cell lines, the following plasmids were sequentially and stably introduced to the cells: 1) pLenti

CMV TetR Blast (Addgene Plasmid 17492) (Campeau et al., 2009) 2) pSuperior-Retro-Puro with shRNAs against Drp1 OR scramble-

control (Kashatus et al., 2015).
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METHOD DETAILS

Histology and Immunohistochemistry
Entire pancreata were isolated from euthanizedmice and fixed in 10% buffered formalin (Fisher Scientific) and embedded in paraffin.

For pancreata dedicated to our PanIN investigation arm, 3 serial sections were cut at approximately 100 mm, 300 mm, and 500 mm of

depth. Formalin-fixed paraffin-embedded (FFPE) tissue sections were cut at 4-5 mm thick intervals. One section of each set of serial

sections was stained with routine hematoxylin and eosin stain (H&E), with the other sections dedicated for immunohistochemistry for

Drp1 or mitochondrial immunofluorescence. Antigen retrieval and deparaffinization were performed in PT Link (Dako, Glostrup,

Denmark) using low pH for DRP1 and high pH, EnVision FLEX Target Retrieval Solution (Dako) for 20min at 97�C. Immunohistochem-

istry was performed on a robotic platform (Autostainer, Dako). Endogenous peroxidases were blocked with peroxidase and alkaline

Phosphatase blocking reagent (Dako) before incubating the sections with respective antibodies. Antibodies for DRP1 (Ab184247)

was purchased from Abcam. Antibodies were used at the following concentrations: DRP1,1: 1,000 for 30 min at room temperature.

Antigen–antibody complex was detected using EnvisionTM Dual Link (Dako) followed by incubation with 3,30-diaminobenzidine tet-

rahydrochloride (DAB+) chromogen (Dako). All the slideswere counterstainedwith hematoxylin subsequently; they were dehydrated,

cleared, and mounted for the assessment.

PanIN Histologic Analyses
Slides were digitally scanned using an Aperio ScanScope (SC System) with a 20 3 objective to obtain digital slides. Using the

ImageScope (Leica Biosystems) ‘‘Annotations’’ tool, individual PanIN and PDAC lesions and lymph nodes were traced by hand

and area was determined from H&E stained slides. H&E stained pancreatic sections were deconvoluted using Fiji/ImageJ’s code

and the hematoxylin image was used to determine total tissue area. The area of the lymph node traces were subtracted to determine

total pancreatic parenchyma area. Three sections per mouse pancreas was analyzed for pancreatic lesion determination.

Cell Culture
All murine cells were maintained in Dulbecco’s Modified Eagle Medium (DMEM – Life Technologies) supplemented with 10% Fetal

Bovine Serum (FBS – Life Technologies) and 100 units per ml penicillin, and 100 mg/ml streptomycin (pen/strep) (Life Technologies).

All human pancreatic cancer cells were maintained in RPMI 1640 (Life Technologies) supplemented with 10% FBS and 100 units

per ml penicillin, and 100 mg/ml streptomycin (pen/strep) (Life Technologies).

Nutrient-defined media (Figure 7D) was made in DMEM (Life Technologies, A14430) and supplemented with 5% FBS, 4mM

L-Glutamine (Life Technologies), 5mM D- glucose (Fisher chemicals) or 25mM D-galactose (BD) as indicated. Viable cell numbers

were determined by cell counting (Figure 1C), using the CellTiter-Glo Luminescent Cell Viability assay according to manufacturer

protocol (Promega - Figures 1D and 7D), or using the CyQUANT Cell Proliferation Assay according to manufacturer protocol

(ThermoFisher- Figure 1I). Each cell counting experiment was initially seeded at equal numbers in technical duplicate to triplicate

per independent experiment.

Genotyping of Murine Tumor-Derived Cell Lines
Cells were harvested from culture plates and centrifuged at 1,000RPM for 5 minutes at 4�C. Cell pellets were resuspended in 200 mL

DNA Lysis Buffer and incubated at 55�C for at least 1 hour. The lysate was incubated with 95 mL 5M NaCl to precipitate proteins and

centrifuged at 3,000RPM for 15 minutes at 4�C. DNA was precipitated with isopropanol, resuspended in water, and used for geno-

typing analysis as previously described (Gidekel Friedlander et al., 2009; Wakabayashi et al., 2009).

Genotyping of Patient-Derived Cell Lines
DNA was isolated from cells in culture as described above. Regions of KRAS exons 2 and 3 were PCR amplified using previously

published primers (Singhi et al., 2014) and Phusion HF DNA Polymerase (NEB). PCR products were gel purified using a PureLInk

Quick Gel Extraction Kit (Invitrogen) and sent for sequencing (Eurofins Genomics).

Western Blotting
Whole cell lysates were prepared in RIPA buffer and equivalent protein amounts (generally 50 mg) were resolved by SDS-Page. Gels

were transferred to PVDFmembranes and immunoblotted with the indicated antibodies. List of antibodies used in this study: a-Drp1

(Abcam), a-Erk1/2, a-pT202/Y204Erk 1/2, a-HK2, a-Hif1a, a-Tubulin, a-Actin, a-GAPDH (Cell Signaling Technologies).

Mitochondrial Stress Test / Glycolysis Stress Test
Oxygen Consumption Rate (OCR) for Mitochondrial Stress Test (MST) assays and Extracellular Acidification Rate (ECAR) for Glycol-

ysis Stress Test (GST) assays weremeasured using a Seahorse XF24 Extracellular Flux Analyzer. GSTmedia wasmade using serum-

free DMEM without glucose, glutamine, pyruvate, sodium bicarbonate (Sigma-Aldrich) adjusted to pH 7.4. The day before the

experiment, the 24-well cell culture microplates were coated with 50 mL of poly-D-lysine (Millipore) at 10 mg/cm2/sterile water. The

following morning, the plate was washed once with 200 mL of PBS and allowed to air dry. For MEFs, 40,000 cells were plated in

at least triplicate for each condition the day of the experiment in 100 mL of GST media per well for GST assay and 100 mL per well
e3 Cell Reports 28, 1845–1859.e1–e5, August 13, 2019



in unbuffered, serum-free DMEM adjusted to pH 7.4 (MST media) for the MST assay. Cells were then spun at 500 RPM for 1 min and

supplemented with 575 mL of GST media or MST media and immediately placed into seahorse analyzer to begin assay. For murine

tumor cells and human inducible cells, 125,000 and 100,000 cells, respectively, were plated in at least duplicate (seeded in triplicate

most frequently) the day of the experiment in nativemedia (supplementedwith doxycycline for the human inducible cells), spun at 500

RPM for 1 min, and allowed to adhere for 2.5 hours. Native media was then aspirated off, cells were washed with PBS, 675 mL of GST

or MST media was added, and the assay was started. During the GST assay, glucose (BD), oligomycin (Millipore) and 2-deoxyglu-

cose (Chem-Impex) were injected to a final concentration of 10mM, 2 mM and 100mM, respectively. For the MST assay, oligomycin,

BAM15 (Cayman) and Rotenone and Antimycin A (Sigma) were injected to a final concentration of 2 mM, 10 mM, 1 mM and 2mM,

respectively. At the end of each experiment, each assay was normalized to cell number counted from a sister plate that was seeded

concurrently with the experimental plate.

Radiotracer Metabolic Flux Studies/Substrate Competition Assay
Cells were harvested from culture the day of assay and the cells (275,000 murine tumor cells) were seeded per well in triplicate in a

24-well plate in DMEM supplemented with 10% FBS. After 3 hours, the cells were washed 13 in PBS. For themurine tumor cells, the

KRP assay media with 5mM glucose, 50 mM acetate, 0.5mM glutamine, 1mM carnitine, and 125 mM palmitate supplemented with

either 3H-glucose (Perkin Elmer) for glycolysis determination or 14C-Palmitate (Perkin Elmer) for oxidative metabolism determination

was applied. In wells used to investigate oxidative metabolism, a CO2 trap with 2M NaOH, was placed in the wells. The wells were

sealed and cells were incubated for 2 hours.

For evaluation of glycolysis, 1N HCl was added to the wells with 3H-glucose and all the liquid was collected into an Eppendorf tube.

The tube was placed in a scintillation vial containing an equivalent volume of water and allowed to equilibrate overnight. After equil-

ibration, scintillation cocktail fluid was mixed (Optiphase Super, Perkin Elmer) and vials were counted on a scintillation counter

(LS6500, Beckman Coulter).

For determination of oxidative metabolism, the assay media and CO2 trap was transferred to new wells and sealed. 2M perchloric

acid was injected into each sealedwell, resealed, and allowed to incubate at room temperature for 1 hour. After incubation, the NaOH

was transferred into scintillation vials, scintillation cocktail fluid was mixed and vials were counted on a scintillation counter.

For the MEFs and inducible human PDAC cells, cells were harvested from culture the day of assay and the cells (125,000 MEFs or

200,000 inducible human cells) were seeded per well in triplicate in a 24-well plate in DMEM (MEFs) or RPMI (inducible human) sup-

plemented with 10% FBS. After 3 hours of incubation, the cells were washed 13 in PBS. GSTmedia was then added and allowed to

incubate for 30 minutes. Then, GST media with 10mM glucose with either 3H-glucose (Perkin Elmer) for glycolysis determination or
14C-glucose (Perkin Elmer) for oxidative metabolism was supplemented, applied to the wells, and incubated in sealed wells for 1

hour.

ATP Generation Assay
ATP levels were determined using the CellTiter-Glo Luminescent Cell Viability assay (Promega).

Lactate Generation Assay
Lactate levels were determined using the Lactate-Glo Luminescent assay (Promega). For lactate assessment in Figure 2C, equal

numbers of the indicated MEFs were seeded in a 96-well plate and incubated in GST media. A bolus of 5mM glucose was added

and lactate was measured after 30 minutes per manufacturer protocol.

Mitochondrial Immunofluorescence
The mitochondria of the MEFs and tumor-derived cell lines used in these studies were visualized as previously described (Kashatus

et al., 2015). Immunofluorescence on FFPE sections was performed as previously described and mitochondria were stained using

anti-Mitochondria antibody, clone 113-1, Cy3 conjugate (EMD Millipore) (Wang et al., 2014).

Soft Agar Colony Formation Assay
Soft agar assay was performed as described previously described (Borowicz et al., 2014). MEFs were seeded in DMEM soft agar

while human PDAC cells were seeded in RPMI soft agar. Colonies were imaged using BioRad ChemiDoc Imaging System (MEFs)

or Alpha Innotech FluorChem SP imager (PDAC) and quantified using ImageJ.

Metabolomics
Metabolomics analyses (Table S1) were performed by Metabolon, Inc. (Durham, North Carolina, USA) as previously described. Tu-

mor derived cell lines were grown to 70% confluence in 15cm dishes, with a fresh media change 1 day before harvest. Cells were

recovered by trypsinization. The cell pellets were washed once in PBS then pelleted again, removing all supernatant before flash

freezing 100 mL packed cell pellets for shipment. Proteins were precipitated with methanol under vigorous shaking for 2 minutes fol-

lowed by centrifugation. The resulting extract was divided into four fractions: two for analysis by two separate reverse phase (RP)/

UPLC-MS/MS methods with positive ion mode electrospray ionization (ESI), one for analysis by RP/UPLC-MS/MS with negative ion

mode ESI, and one for analysis by HILIC/UPLC-MS/MS with negative ion mode ESI. Instrument variability was determined to be 3%
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by calculating the median relative standard deviation (RSD) for the quality control standards that were added to each sample prior to

injection into the mass spectrometers. Overall process variability was determined to be 9% by calculating the median RSD for all

endogenous metabolites (i.e., non-instrument standards) present in 100% of the pooled matrix samples. Experimental samples

were randomized across the platform run with QC samples spaced evenly among the injections.

Raw data were extracted, peak-identified and QC processed using Metabolon’s hardware and software. Compounds were iden-

tified by comparison to library entries of purified standards or recurrent unknown entities. Metabolon maintains a library based on

authenticated standards that contain the retention time/index (RI), mass to charge ratio (m/z), and chromatographic data (including

MS/MS spectral data) on all molecules present in the library. Peaks were quantified using area-under-the-curve. Data were normal-

ized to total protein as determined by Bradford assay to account for differences in metabolite levels due to differences in the amount

of material present in each sample.

Preliminary bioinformatics analysis and pathway analysis on the four cell lines for Figures 5G–5I was performed using Metabolon

software and MetaboAnalyst (Xia and Wishart, 2010), a web-based platform for processing metabolomics data (https://www.

metaboanalyst.ca/).

Orthotopic Xenografts
Orthotopic xenografts of the murine tumor-derived cells were performed as previously described (Walters et al., 2013b).

Real-Time PCR
Cells were harvested from culture and total RNAwas extracted using TRIzol reagent (Life Technologies) per manufacturer’s protocol.

Samples were treated with DNase I (New England Biolabs), inactivated, and RNA concentration and quality was measured

(NanoDrop). 1 mg RNA per sample was reversed-transcribed (iScript cDNA synthesis kit, BioRad). Real-time PCR was performed

on the Applied Biosystems StepOnePlus Real- Time PCR System using Power SYBR green (Life Technologies) detection chemistry.

DDCt was calculated for each sample reaction using UbC and ActB genes as housekeeping controls. The primers used are listed

below. The real-time PCR conditions were 95�C for 2 min, followed by 40 cycles of 95�C for 5 s and 65�C for 30 s. After the last

PCR cycle, each sample was subject to thermal melting curve analysis to check for non-specific product formation.

HK2 (Shi et al., 2011)

Forward: 50-TGATCGCCTGCTTATTCACGG-30

Reverse: 50-AACCGCCTAGAAATCTCCAGA-30

ActB (Yan et al., 2016)

Forward: 50-TGACGTTGACATCCGTAAAG-30

Reverse: 50-GAGGAGCAATGATCTTGATCT-30

Ubc (Yan et al., 2016)

Forward: 50-GCCCAGTGTTACCACCAAGA-30

Reverse: 50-CCCATCACACCCAAGAACA-30

Fatty Acid Pulse Chase Assay
Red C12 experimental methods were performed similar to what was described previously (Rambold et al., 2015). Atglistatin (Sigma)

was added, where indicated, at 10uM concentration for the duration of assay. Images were taken using the Zeiss 710 Confocal

Microscope.

QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prism (Version 7) was used for graphical representation and statistical analysis of data. Data are presented as mean ±

SEM. The following statistical analyses were applied to experiments as described in figure legends: unpaired two-sided Student’s

T–test, one-way ANOVA with Tukey’s multiple comparison, two-way ANOVA with Tukey’s multiple comparison (Figure 4D only),

log-rank (Mantel-Cox) test (Figure 4A only). Cell lines were grouped by genotype for statistical analyses for Figures 3B, 6B, 6C,

6D, 7C, and 7D. Statistical significance is denoted in figures as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

DATA AND CODE AVAILABILITY

Further information about the data may be directed to and will be fulfilled by the corresponding author David Kashatus (kashatus@

virginia.edu). Raw metabolomics data can be found in Table S1.
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Figure S1: Drp1 contributes to KRas-driven cellular transformation. Related to 
Figures 1-3.  A. PCR to determine the genotype and recombination status of p53, KRas, 
and Drp1 of the indicated MEFs. B. The indicated cell lines were seeded at equal 
density and cells were counted daily over a five-day period (n=3 replicates per cell line, 
representative result from one of three independent experiments, mean ± SEM, 
**P<0.01, one-way ANOVA with Tukey’s multiple comparison). C. The indicated cell 
lines were seeded at equal density and cells were quantified over a three-day period 
using CellTiter Glo.  D. Equal numbers of the indicated cells lines were seeded in soft 
agar and imaged after 3 weeks (n=3). E. PCR amplification and sequencing were 
performed for a portion of the KRAS gene (exon 2, 3) in PDX 188t and PDX 395t. F. 
Immunoblot analysis of Drp1 in indicated human pancreatic cancer cell lines with 
doxycycline inducible shRNA against Drp1. Doxycycline = 2 µg/mL.  Quantification of 
densitometry relative to shCtrl cells with no doxycycline below blot (Tubulin = loading 
control). G, H. The PDX395t cell line (G) and CFPac cell line (H) were seeded at equal 
density in media containing 2 µg/mL doxycycline and cells were analyzed by CyQuant 
over a 7 day period with regular media changes (n=3 replicates per cell line, 3 
independent experiments, data presented as mean ± SEM, *P<0.05, **P<0.01, **** 
P<0.001, ****P<0.0001, unpaired two-sided Student’s T–test). H, I. Equal numbers of the 
PDX 395t (I) and CFPac (J) cells lines were seeded in soft agar, then stained and 
imaged after 2 weeks. Quantification for number of colonies > 0.01 mm2 relative to shCtrl 
(n=3 replicates per cell line, 3 independent experiments, * P<0.05, ***P<0.001, unpaired 
two-sided Student’s T–test. Data are mean ± SEM)  K. Extracellular acidification rate 
(ECAR) was analyzed on the indicated MEF lines over a 100 minute time course of a 
Glycolysis Stress Test. Glucose, oligomycin and 2-DG were added at the indicated time 
points (n=3 replicates per cell line, data presented as mean ± SEM, representative result 
from one of three independent experiments). L. Equal numbers of the indicated MEFs 
were seeded and incubated in Glycolysis Stress Test media. A bolus of 10mM glucose 
with 3H-Glucose was added and incubated for 1 hour and the production of 3H2O was 
analyzed as a readout of glycolytic flux (n=3 replicates per cell line, 3 independent 
experiments, one-way ANOVA with Tukey’s multiple comparison. Data are mean ± 
SEM). M. Extracellular acidification rate (ECAR) was analyzed on the indicated MEF 
lines over a 100 minute time course of a Glycolysis Stress Test. Glucose, oligomycin 
and 2-DG were added at the indicated time points (n=3 replicates per cell line, data 
presented as mean ± SEM, representative result from one of three independent 
experiments). N. Real-time qPCR analysis of relative HK2 mRNA levels in the indicated 
MEFs (n=3 replicates per cell line, 3 independent experiments, data are aggregate 
means ± SEM, *P<0.05, **P<0.01, one-way ANOVA with Tukey’s multiple comparison). 
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Figure S2: Comparison of tumor sequelae and Drp1 expression in Drp1Flox and 
Drp1WT mice.  Related to Figure 4.  A. Tumors were isolated from KrasLSL-G12D/+; 
Trp53flox/flox; Drp1WT; Pdx-1-CreERTg/+ mice and KrasLSL-G12D/+; Trp53flox/flox; Drp1flox/flox; 
Pdx-1-CreERTg/+ mice and tumor weights were determined at necropsy (n=18 Drp1WT, 
n=12 Drp1flox, Data are mean ± SEM, n.s. = P>0.05, Student’s T-test). B. The presence 
or absence of the indicated tumor sequelae was evaluated for the indicated sets of mice 
at necropsy (n=27 Drp1WT, n=28 Drp1flox). C. Enrolled mice were weighed 3X per 
week following tamoxifen injections until survival endpoints were reached. Data 
presented as weight trajectories as a function of time (n=30 Drp1WT and Drp1flox). D. 
Pancreata were removed from KrasLSL-G12D/+; Trp53flox/flox; Drp1WT; Pdx-1-CreERTg/+ mice 
and KrasLSL-G12D/+; Trp53flox/flox; Drp1flox/flox; Pdx-1-CreERTg/+ mice at 40 or 60 days 
following tamoxifen injection. Tissue was fixed and stained with H&E to examine the 
incidence of the indicated pancreatic lesions. Scale bars, 100 µm.  E. Immunoblot 
analysis of Drp1 expression in the Drp1WT and Drp1-/- MEFs. GAPDH = loading control. 
F. Cell pellets of Drp1WT and Drp1-/- MEFs in E were paraffin-embedded and Drp1 
expression was analyzed by immunohistochemistry (IHC). Low magnification Drp1 IHC 
images of cell pellet (top row) with corresponding color deconvoluted image (2nd row). 
High magnification Drp1 IHC images of cell pellet (3rd row) with corresponding color 
deconvoluted image (4th row). G. Cre-mediated recombination at the Drp1 locus was 
analyzed in DNA from pancreatic tumors isolated from Drp1flox mice. H. Tumors isolated 
from Drp1flox mice at necropsy were stained with hematoxylin & eosin (H&E; top row), 
Drp1 IHC (2nd row), and corresponding color deconvoluted image (3rd row). I. Drp1 
expression was analyzed by IHC in PanIN3 lesions from Drp1flox mice euthanized 60 
days after tamoxifen injection. Lesions in which all morphologically attributable epithelial 
cells express Drp1 were scored as positive. Lesions in which some, but not all, 
morphologically attributable epithelial cells within a lesion express Drp1 were scored 
mixed. Lesions in which no morphologically attributable epithelial cells within a lesion 
express Drp1 were scored negative. 
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Figure S3. Increased duration of Drp1 knockdown alters the bioenergetic profile in human pancreatic cancer cell lines.  
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Stress Test and used to calculate ECAR attributable to glycolysis (n=2-3 replicates per cell line, 3 independent experiments, 
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cell lines cell lines after 4 weeks and 10 weeks of doxycycline treatment over a 120-minute time course during a Mitochondrial 
Stress Test and used to calculate OCR attributable to maximal respiration (n=2-3 replicates per cell line, 3 independent experi-
ments, unpaired two-sided Student’s T–test. Data are mean ± SEM).



0.5

1.0

1.5

2.0 Maximum
Enrichment

P
at

hw
ay

 E
nr

ic
hm

en
t S

co
re

Metabolon Pathway Enrichment
Di

- a
nd

 O
lig

os
ac

ch
ar

id
es

Dr
ug

s

Fa
tty

 A
cid

 M
et

ab
ol

ism

Fa
tty

 A
cid

 S
yn

th
es

is

Fa
tty

 A
cid

, A
m

id
e

Fa
tty

 A
cid

, B
ra

nc
he

d

G
ua

ni
di

no
 a

nd
 A

ce
ta

m
id

o

In
os

ito
l M

et
ab

ol
ism

Ke
to

ne
 B

od
ie

s

Lo
ng

 C
ha

in
 F

at
ty

 A
cid

M
ev

al
on

at
e 

M
et

ab
ol

ism

O
xid

at
ive

 P
ho

sp
ho

ry
la

tio
n

Po
lyp

ep
tid

e

Po
lyu

ns
at

ur
at

ed
 F

at
ty

 A
cid

Pt
er

in
 M

et
ab

ol
ism

Pu
rin

e 
an

d 
Py

rim
id

in
e

Py
rim

id
in

e,
 T

hy
m

in
e 

Co
nt

ai
ni

ng
Ly

so
lip

id

Am
in

os
ug

ar
 M

et
ab

ol
ism

Ly
so

pl
as

m
al

og
en

Pl
as

m
al

og
en

Po
lya

m
in

e 
M

et
ba

ol
ism

Fa
tty

 A
cid

, M
on

oh
yd

ro
xy

G
lyc

ol
ys

is,
 G

lu
co

ne
og

en
es

is,
 P

yr
uv

at
e

Ei
co

sa
no

id

G
lu

ta
th

io
ne

 M
et

ab
ol

ism
TC

A 
Cy

cle

Py
rim

id
in

e,
 C

yt
id

in
e 

Co
nt

ai
ni

ng
Tr

yp
to

ph
an

G
lyc

er
ol

ip
id

 M
et

ab
ol

ism

0

A

B

Drp1WT Drp1-/-

1-Palmitoyl-2-Oleoyl-GPE

S
ca

le
d 

Va
lu

e 
(a

.u
.)

0

0.5

1.0

1.5

1-Stearoyl-2-Oleoyl-GPE

S
ca

le
d 

Va
lu

e 
(a

.u
.)

0

0.5

1.0

1.5

1-Palmitoyl-GPE

S
ca

le
d 

Va
lu

e 
(a

.u
.)

0
0.5

1.0
1.5
2.0

1-Stearoyl-GPE

S
ca

le
d 

Va
lu

e 
(a

.u
.)

0
0.5
1.0

1.5
2.0

1-Oleoyl-GPE

S
ca

le
d 

Va
lu

e 
(a

.u
.)

0

0.5

1.0

1.5

2.0

1,2-Dioleoyl-GPE

S
ca

le
d 

Va
lu

e 
(a

.u
.)

0
0.5

1.0

1.5

12
8

25
3

10
9-

3
14

5-
1

12
8

25
3

10
9-

3
14

5-
1

12
8

25
3

10
9-

3
14

5-
1

12
8

25
3

10
9-

3
14

5-
1

12
8

25
3

10
9-

3
14

5-
1

12
8

25
3

10
9-

3
14

5-
1

Drp1WT Drp1-/- Drp1WT Drp1-/-

2.0 2.0

2.52.5

1-Palmitoyl-GPC

S
ca

le
d 

Va
lu

e 
(a

.u
.)

0

0.5

1.0

1.5

2.0
1-Palmitoleoyl-GPC

S
ca

le
d 

Va
lu

e 
(a

.u
.)

0

1

2

3

4
1-Stearoyl-GPC

S
ca

le
d 

Va
lu

e 
(a

.u
.)

0

0.5

1.0

1.5

2.0
1-Oleoyl-GPC

S
ca

le
d 

Va
lu

e 
(a

.u
.)

0

0.5

1.0

1.5

2.0

12
8

25
3

10
9-

3
14

5-
1

12
8

25
3

10
9-

3
14

5-
1

12
8

25
3

10
9-

3
14

5-
1

12
8

25
3

10
9-

3
14

5-
1

Drp1WT Drp1-/- Drp1WT Drp1-/- Drp1WT Drp1-/-

Drp1WT Drp1-/- Drp1WT Drp1-/- Drp1WT Drp1-/- Drp1WT Drp1-/-

Figure S4: Drp1-/- tumor cells exhibit metabolic reprogramming.  Related to Figures 5 & 6.  A. Pathway enrich-
ment analysis was performed on 350 metabolites that were significantly different between the pairwise comparison of all 
Drp1-/- and Drp1WT tumor-derived cell lines to identify potential metabolic pathways dependent on Drp1. B. The scaled 
abundance of three phosphatidylethanolamine (PE) species (top row), the corresponding lyso-PE species (second row), 
and the lyso-PC corresponding to the PC species in Figure 6F (third row) from metabolomic analysis of the indicated 
Drp1WT and Drp1-/- tumor-derived cell lines (n=6 replicates per cell type, data are mean ± SEM).
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Figure S5. Fatty acids efflux from lipid droplets more rapidly in Drp1WT tumor cells compared to Drp1-/- tumor cells. 
Related to Figure 7. Representative images of a panel of Drp1WT (top 3 rows) and Drp1-/- (bottom 3 rows) tumor cells were 
pulsed with Red C12 (fatty acids, magenta) for 12 hours in DMEM supplemented with 10% FBS and chased in DMEM supple-
mented with 10% FBS for 25 hours. Cells at the indicated time points were fixed and stained with BODIPY 493/503 (lipid droplets, 
green) and DAPI (nuclei, blue). Where indicated, Atglistatin, an ATGL inhibitor, was added for the duration of the pulse and chase. 
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Figure S6. Fatty acids efflux from lipid droplets more rapidly in Drp1WT tumor cells compared to Drp1-/- 
tumor cells.  Related to Figure 7.  Quantification of images for each cell line from Supplementary Figure S5. Each 
data point represents the Pearson’s correlation coefficient between RedC12 and BODIPY for each cell (n=3 
independent experiments for 128 and 109-3 cell lines and n=2 independent experiments for remaining cell lines, ≥ 
50 cells were analyzed for each time point of each cell line, data are means ± SEM, *P<0.05, ** P< 0.01, *** 
P<0.001, ****P < 0.0001, one-way ANOVA with Tukey’s multiple comparison)
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Figure S7. KRas-induced fatty acid efflux from lipid droplets in MEFs does not require Drp1. Related to Figure 7.  
The indicated MEFs were were pulsed with Red-C12 (fatty acids, magenta) for 12 hours in DMEM + 10% FBS and 
chased in DMEM without Red-C12 for 25 hours. Cells were fixed and stained with BODIPY493/503 (lipid droplets, green). 
Where indicated, Atglistatin, an ATGL inhibitor, was added for the duration of the pulse-chase. A. Quantification after 1 
and 25 hours. Each point represents the Pearson’s correlation coefficient between RedC12 and BODIPY for one cell (n=3 
independent experiments, ≥50 cells per time point per cell line, data are means ± SEM,*P<0.05, ** P< 0.01, *** P<0.001, 
****P < 0.0001, one-way ANOVA with Tukey’s multiple comparison). B. Representative images. Scale bars, 20μm. C. 
Identical analysis as A but expanded for each indicated MEF for 1, 13, 25 hours of chase as well as 25 hours + ATGLi.


	CELREP6589_annotate_v28i7.pdf
	Drp1 Promotes KRas-Driven Metabolic Changes to Drive Pancreatic Tumor Growth
	Introduction
	Results
	Drp1 Is Required for KRas-Driven Cellular Transformation
	Drp1 Is Required for Anchorage-Independent Growth in Human PDAC Cell Lines
	Loss of Drp1 Decreases KRas-Driven Glycolytic Flux
	Drp1 Deletion Attenuates Hexokinase II Expression and Glycolytic Flux
	Loss of Drp1 Inhibits PDAC Progression
	Drp1−/− Tumor Cell Lines Exhibit Metabolic Reprogramming
	Drp1−/− Tumor Cells Exhibit Impaired Fatty Acid Oxidation and Dysfunctional Mitochondrial Respiration
	Drp1−/− Tumor Cells Exhibit Impaired Fatty Acid Trafficking

	Discussion
	Supplemental Information
	Acknowledgments
	Author Contributions
	Declaration of Interests
	References
	STAR★Methods
	Key Resources Table
	Lead Contact and Materials Availability
	Experimental Model and Subject Details
	Mouse Strains and Tamoxifen Injections
	Generation of Mouse Embryonic Fibroblasts and Tumor-Derived Cell Lines
	Generation of Doxycycline Inducible Patient-Derived Cell Lines

	Method Details
	Histology and Immunohistochemistry
	PanIN Histologic Analyses
	Cell Culture
	Genotyping of Murine Tumor-Derived Cell Lines
	Genotyping of Patient-Derived Cell Lines
	Western Blotting
	Mitochondrial Stress Test / Glycolysis Stress Test
	Radiotracer Metabolic Flux Studies/Substrate Competition Assay
	ATP Generation Assay
	Lactate Generation Assay
	Mitochondrial Immunofluorescence
	Soft Agar Colony Formation Assay
	Metabolomics
	Orthotopic Xenografts
	Real-Time PCR
	Fatty Acid Pulse Chase Assay

	Quantification and Statistical Analysis
	Data and Code Availability



	celrep_6589_mmc1.pdf
	Nagdas et al supplement-final
	Nagdas Fig S1
	S1 & S2 Figure Legends
	Nagdas Fig S2
	Nagdas Fig S3
	Nagdas Fig S4
	Nagdas Fig S5
	Nagdas Fig S6
	Nagdas Fig S7

	Nagdas Fig S1
	S1 & S2 Figure Legends


