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Mitochondria activate inflammation and innate immunity to protect against infec-
tions, but the role in cancer is unknown. Here, we report that patients with pancre-
atic ductal adenocarcinoma (PDAC) with reduced levels of the mitochondrial scaffold,
Mic60, or inner mitochondrial membrane protein, exhibit increased inflammation, high
NF«xB activity and production of TNFa. This is mediated by double-stranded RNA
(dsRNA) released from structurally defective, Mic60-low mitochondria, which engages
TLR3/RIG-I sensing, activates NFkB gene expression and reprograms transcriptional
and signaling networks to promote PDAC proliferation. Preclinical targeting of mito-
chondrial dsRNA signaling triggers rapid cell death and inhibition of tumor growth,
selectively in Mic60-knockdown PDAC, without overt toxicity, in vivo. Therefore,
dsRNA released from defective mitochondria generates protumorigenic inflammation
and provides an actionable therapeutic target in selected PDAC patients.

pancreatic cancer | dsRNA | viral mimicry | TLR3 | inflammation

In addition to bioenergetics, redox balance, and interorganelle communication, mitochondria
are signaling hubs of innate immunity and inflammation (1, 2). This protects against invading
pathogens (3), mostly viruses, as a host of molecules deputed to sense foreign nucleic acids
engage the mitochondrial antiviral signaling protein (MAVS) (4) and transduce an inflam-
matory response with high nuclear factor-kB (NFxB) gene expression (5), upregulation of
type I and III interferons (IFN) (6) and release of pleiotropic cytokines/chemokines.

Mislocalized or aberrantly processed endogenous nucleic acids are also detected by the
same sensing machinery to trigger inflammation (7). Described as “viral mimicry,” this
process has been linked to altered epigenetics (8, 9), chromosomal missegregation (10), or
aberrant RNA splicing (11), culminating with the reactivation of endogenous retroviruses
in the nuclear genome (12). There is evidence that endogenous DNA (13) or RNA (14),
including double-stranded RNA (dsRNA) released by damaged or “stressed” mitochondria
can also mimic viral nucleic acids (15), activate sensor mechanisms, and fuel inflammation.
This process of mitochondrial viral mimicry has been linked to disease pathogenesis and
cellular senescence (16, 17), but its role in cancer, where mitochondrial stress and loss of
organelle integrity are common (18), has not been explored.

A key regulator of mitochondrial integrity is the scaffold molecule, Mic60, or inner
mitochondrial membrane protein IMMT). This is a component of the mitochondrial
contact site and cristae organizing system (MICOS) complex that maintains cristae archi-
tecture, assembly of respiratory complexes and membrane biogenesis (19). Despite these
essential functions, Mic60 levels are heterogeneous and even undetectable in many human
tumors, resulting in structurally defective and dysfunctional mitochondria (20). In turn,
Mic60-knockdown mitochondria become hubs of cellular “stress” signals (20), including
an inflammatory gene signature that correlates with aggressive disease variants and treat-
ment resistance in patients with pancreatic ductal adenocarcinoma (PDAC) (21).

Despite considerable efforts, PDAC remains one of the deadliest cancer diagnoses, in
acute need of new, actionable therapeutic targets (22). We know that widespread inflam-
mation through increased NFkB gene expression is linked to poor outcome (23), but the
underlying mechanisms and potential therapeutic vulnerabilities remain elusive.

Results and Discussion

NFkB Inflammation in PDAC. To determine how Mic60 levels affect PDAC inflammation
(21), we first examined RNA-seq datasets in TCGA. Here, PDAC patients with low
expression of Mic60 exhibited a gene signature of acute inflammation, angiogenesis,
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and cytokine release (S Appendix, Fig. S1 A and B), marked by
heightened NFkB activity and TNFa signaling (S Appendix,
Fig. S1C). Similar results were obtained in PDAC patients stratified
for high NFxB gene expression, who also showed increased
inflammation and TNFa activity (S Appendix, Fig. S1D).

To validate these findings, we next silenced endogenous Mic60
in PDAC cell lines using published protocols (20). Mic60 deple-
tion increased the expression of multiple NFkB target genes impli-
cated in inflammation and innate immunity (Fig. 14). This was
accompanied by increased NFkB promoter activity (Fig. 1B),
upregulation of p50 and p65 NFkB subunits (Fig. 1C), and accu-
mulation of p65 NF«B in the nucleus of Mic60-knockdown cells,
compared to control (Fig. 1D). In addition, the NFkB gene sig-
nature upregulated in Mic60-knockdown PDAC cells (Fig. 14)
correlated with shortened overall survival in the TCGA cohort of
PDAC patients (S Appendix, Fig. S1E).

Many NFkB target genes are released extracellularly to repro-
gram the inflammatory microenvironment, including in cancer.
To examine this possibility, we profiled the secretome released by
Mic60-knockdown PDAC cells by mass spectrometry. Consistent
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with the data above, PDAC cells with reduced expression of Mic60
released high levels of TNFa in the conditioned medium (siMic60
vs. siCtrl, 11,314-fold, adjusted P= 6.1 x 10”) (Fig. 1E). Similar
results were obtained by ELISA, where TNFa levels increased
from 0.17 + 0.06 pg/mL in the conditioned medium of control
cells to 354 + 17.7 pg/mL after Mic60 depletion (S/ Appendix,
Fig. S1F). Mediators of redox balance and inflammation were also
differentially upregulated in the Mic60-knockdown secretome
(TXN, 13.4-fold, adjusted P = 0.003; PRDX1, 12.9-fold, adjusted
P = 0.0006; NQO2, 16.6-fold, adjusted P = 0.0004; NQOI,
14.1-fold, P.adj = 0.003), whereas collagen isoforms involved in
extracellular matrix reorganization and PDAC desmoplastic
stroma (24) were downregulated (Fig. 1E).

We next studied a cohort of 10 patients with histologically con-
firmed diagnosis of PDAC (S Appendix, Table S1). By immuno-
histochemistry (IHC), Mic60 expression was uniformly strong in
normal pancreatic glands (3+ IHC score) (Fig. 1F), but highly
heterogenous with moderate (2+ IHC score) to weak (1+ IHC
score) staining in PDAC patients (S Appendix, Table S1 and

Fig. §2). Occasional tumor areas were entirely devoid of Mic60
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Fig. 1. NFxB inflammation in PDAC. (A) PANC-1 cells expressing control nontargeting siRNA (siCtrl) or Mic60-directed siRNA (siMic60) were analyzed in a 78-gene
NFkB profiler array by RT-qPCR. Data are expressed as siMic60/siCtrl ratio in a radial heatmap with the ratio magnitude highlighted by color. Representative
experiment. (B) PANC-1 or MIA PaCa-2 cells expressing siCtrl or siMic60 were analyzed for NFkB promoter reporter activity. RLU, relative luciferase units.
Mean + SD. Numbers are P values by two-tailed unpaired t test. (C and D) PANC-1 cells as in (B) were analyzed by Western blotting (C) or confocal fluorescence
microscopy for nuclear localization of p65 NFkB (D). Representative images. (Scale bar, 20 um.) (E) Aliquots of conditioned medium harvested from PANC-1
cells as in (B) were analyzed by mass spectrometry and 298 differentially secreted proteins were identified. Data are presented as a volcano plot showing
the log2 fold change of siMic60 compared to control. TNFa released in the Mic60-knockdown secretome is indicated. ns, not significant. (F) Pancreas tissue
samples from two patients with histological diagnosis of PDAC were analyzed for Mic60 expression, by immunohistochemistry. Mic60 reactivity with an adjacent
normal pancreatic gland (Normal) is shown. (Scale bars, 100 um.) (G) Overlap of significantly enriched hallmark pathways between eight patients with histologic
diagnosis of PDAC (PDAC) and PDAC patients in the TCGA (TCGA) dataset that were significantly positively associated (FDR < 5%) with an NFkB target gene
signature. For each pathway, a normalized enrichment score (NES), P value (pv), and false discovery rate (FDR) are indicated.
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reactivity (Fig. 1Fand ST Appendix, Fig. S2). We then profiled 8 of
these 10 PDAC tissue samples by RNA-Seq. This revealed a strong
NF«B gene signature, characterized by heightened inflammation,
IFN signaling, and cytokine production (Fig. 1G and ST Appendix,
Fig. S1G). This transcriptome matched a nearly identical gene sig-
nature upregulated in the TCGA cohort of PDAC patients
(Fig. 1G).

dsRNA Expression in Cancer. A reduction in Mic60 levels lowers
overall mitochondrial fitness and disrupts the organelle outer
membrane (20). We hypothesized that the loss of mitochondrial
integrity in these settings may cause the leakage of nucleic acids
in cytosol, a potent stimulus of antiviral inflammation (1, 2).
Consistent with this possibility, Mic60-knockdown PDAC cells

A siCtrl B

contained abundant dsRNA in cytosol (Fig. 24 and SI Appendix,
Fig. S3A), by fluorescence microscopy with the ]2 antibody used
to detect dsRNA (25). Instead, control PANC-1 cells showed
no reactivity for dsRNA in cytosol (Fig. 24 and SI Appendix,
Fig. S3A). To determine the origin of dsRNA after Mic60
depletion, we sequenced J2 immunoprecipitates from control or
Mic60-knockdown PDAC cells. The immunoprecipitated dsRNA
averaged ~270 nucleotides in length (57 Appendix, Fig. S3B) and
its sequence aligned extensively with the mitochondrial genome
(ChrM) (Fig. 2B). In contrast, ]2 immunoprecipitates from
control PDAC cells were negative (Fig. 2B).

Based on these data, we next asked if PDAC patients also con-
tained dsRNA of mitochondrial origin. dsSRNA immunoprecipi-
tated from five PDAC patient samples (57 Appendix, Table S1)
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Fig. 2. Mitochondrial dsRNA in cancer. (A) PANC-1 cells expressing siCtrl (Top) or siMic60 (Bottom) were labeled with antibody J2 to dsRNA and analyzed by
confocal fluorescence microscopy. Mitochondria and nuclei were stained with MitoTracker (Mito) and DAPI, respectively. Representative images. [Scale bars, 20
um (Top) and 15 pm (Bottom).] (B) PANC-1 cells stably expressing pLKO or shMic60 were immunoprecipitated (IP) with antibody J2 and the sequence of IP dsRNA
was aligned with the mitochondrial genome. The position of mitochondrial genes is indicated. (C) Pancreas tissue homogenates from a PDAC patient with low
Mic60 expression were IP with antibody J2 and the sequence of IP dsRNA was aligned with the mitochondrial genome. The heavy (black) and light (green) strands
and the position of mitochondrial genes are indicated. (D) Tissue samples of brain metastases from two patients with nonsmall cell lung cancer (NSCLC) were
stained with antibody J2 by immunohistochemistry. Representative images. [Scale bars, 200 um (NSCLC #1) and 70 um (NSCLC #2).] (E and F) Snap-frozen tissue
samples of surgically resected brain metastases from two patients with NSCLC (M87, M111) were stained for mitochondria (TOM20), nuclei (Hoechst), or dsRNA
(J2 antibody) and analyzed by confocal fluorescence microscopy (E) and image merging (F). Representative images. (Scale bars, 10 um.)
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revealed extensive reads from the heavy and light strands of the
mitochondrial genome (Fig. 2C and SI Appendix, Fig. S3C), sug-
gesting that intermolecular dsRNA formed in Mic60-knockdown
mitochondria escaped endogenous degradosome mechanism(s),
in vivo (14). To test whether this was a unique property of PDAC,
we also looked at other patient cohorts in TCGA for the presence
of mitochondrial RNA. In addition to PDAC, we found that
mitochondrial RNA was highly represented in multiple, unrelated
tumor types, including nonsmall cell lung cancer (NSCLC)
(SI Appendix, Fig. S3D). This is in line with the heterogeneous
and often reduced levels of Mic60 observed in many human can-
cers (20).

To validate that mitochondrial dsRNA is a general trait of
malignancy, we next examined tissue samples of brain metastases
surgically resected from two patients with NSCLC (26), previously
characterized for heterogeneous Mic60 expression, by immuno-
histochemistry (20). In this cohort, NSCLC brain metastases were
prominently stained with the J2 antibody by IHC, whereas normal
brain was negative for dsSRNA (Fig. 2D). Tissue sections from two
additional cases of NSCLC brain metastases were also J2-positive
for extramitochondrial dsRNA, by immunofluorescence micros-
copy (Fig. 2 Eand F).

dsRNA Signaling in PDAC Inflammation. To elucidate the
requirements of dsRNA signaling, we first generated PANC-1 cells
depleted of mitochondrial DNA by ethidium bromide treatment
(pO cells). As control, the expression of mitochondrial ND1 and
ND4 genes, but not -2 microglobulin (B2M) was abolished in
PANC-1 pO cells, compared to parental cultures, by RT-qPCR
(SI Appendix, Fig. S4A). Under these conditions, Mic60 silencing
stimulated NF«kB promoter activity in parental PANC-1 cells,
whereas PANC-1 p0 cells were ineffective (Fig. 34). In addition,
removal of dsRNA by incubation with RNAse III abolished NFxB
inflammartory gene expression in Mic60-knockdown PDAC cells,
compared to controls (Fig. 3B).

Several sensors of foreign or endogenous nucleic acids, including
dsRNA (27), have been described that orchestrate inflammatory
antiviral responses (4). We found that Mic60 silencing in PANC-1
cells prominently upregulated the expression of endosome-localized
toll-like receptor 3 (TLR3) (28) as well as cytosolic retinoic
acid-inducible gene I (RIG-I) (29), two key dsRNA sensors of
antiviral signaling (Fig. 3C). Another cytosolic dsRNA sensor
(29), melanoma differentiation-associated protein 5 (MDAS) was
also upregulated by Mic60 loss, albeit less prominently (Fig. 3C),
whereas the levels of the mitochondrial adapter MAVS (4) were
comparable in control or Mic60-depleted PDAC cells (Fig. 3C).
The TLR3-associated E3 ubiquitin ligase, TNFR-associated
factor-6 (TRAF6), which is required for antiviral signaling (28)
and contributes to tumor-associated inflammation (30), was also
upregulated after Mic60 loss (Fig. 3D). This response was specific
because other TRAF molecules implicated in inflammation and
innate immunity; TRAF2 or TRAF3 were not affected by Mic60
levels (Fig. 3D). Consistent with activation of inflammatory anti-
viral signaling, Mic60-knockdown PANC-1 cells exhibited
increased expression of Protein Kinase R (PKR) and phosphoryl-
ation of its substrate, eukaryotic translation initiation factor 2A
(elF2a) (SI Appendix, Fig. S4B), two regulators of dsRNA signa-
ling (31).

We next examined the relative contribution of the various dsSRNA
sensors to NFkB activation in Mic60-knockdown PDAC cells. Here,
siRNA silencing of TLR3 or TRAFG6 (S Appendix, Fig. S4C) was
sufficient, independently, to suppress NFkB promoter activity
induced by Mic60 depletion (Fig. 3E). Similar results were obtained
with a small molecule inhibitor of the TRAF6-CD40 complex
(TRAF6i, compound 6877002), which also suppressed NF«B pro-
moter activity in Mic60-knockdown PANC-1 cells (Fig. 35).
Consistent with the data above, silencing of RIG-1 (8] Appendix,
Fig. S$4D) prominently inhibited NFkB-directed inflammatory gene
expression in Mic60-knockdown PANC-1 cells, compared to control
(Fig. 3G). Depletion of MDAS5 (SI Appendix, Fig. S4D) was less
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Fig. 3. Mitochondrial dsRNA signaling in PDAC. (A) PANC-1 cells or PANC-1 p0 cells depleted of mitochondrial DNA were transfected with siCtrl or siMic60 and
analyzed for NFkB promoter reporter activity. Mean + SD. (B) PANC-1 cells stably expressing pLKO or shMic60 were treated with RNAse Il and analyzed by
RT-gPCR. Mean * SD. (C and D) PANC-1 or MIA PaCa-2 (D) cells expressing siCtrl or siMic60 were analyzed by Western blotting. (E) PANC-1 cells as in (C) were
transfected with TRAF6 (SiTRAF6)- or TLR3 (siTLR3)-directed siRNA and analyzed for NFkB promoter reporter activity. (F) PANC-1 cells expressing siCtrl or siMic60
were treated with a small molecule TRAF6 inhibitor (TRAF6i) and analyzed for NFkB promoter reporter activity. Mean + SD. For panels A, B, E, and F, numbers
are P values by two-tailed unpaired t test. (G) PANC-1 cells stably expressing shMic60 were transfected with siCtrl or siRNA to nucleic acid sensors, RIG-I (SiRIG-I),
MDA?S (siMDADS), or mitochondrial adapter protein, MAVS (siMAVS) and analyzed for normalized expression of an NFkB-dependent cytokine gene signature by
RT-gPCR. Mean + SD. The P values are as follows: ***, 0.0009 to 0.0001; *, 0.01; ns, not significant.
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effective, and silencing of MAVS (SI Appendix, Fig. S4D) reduced
the expression of most, but not all NFxB inflammatory gene prod-
ucts upregulated in Mic60-knockdown PANC-1 cells (Fig. 3G).

Specificity of Mitochondrial dsRNA Signaling in PDAC. To
independently validate these results, we next carried out a
proteomics screen of NF«kB target proteins in control or Mic60-
knockdown PANC-1 cells treated with TRAF6i. Here, small
molecule TRAF6 inhibition reduced the expression of multiple
NF«B inflammatory mediators, compared to control cultures
(ST Appendix, Fig. S4E). This effect was specific because silencing
of TLRY, a sensor for unmethylated CpG mitochondrial DNA
(32) that activates inflammation and innate immunity (33), had
no effect on nuclear accumulation of p65 NF«B (S Appendix,
Fig. S4F) or inflammatory gene expression in Mic60-knockdown
PDAC cells (SI Appendix, Fig. S4G).

Next, we asked if dsRNA was the only nucleic acid released by
defective Mic60-knockdown mitochondria (21). We found that
Mic60 depletion modestly, albeit significantly increased the
expression of mitochondria-encoded RNR2, ND1, ND2, and
ND4 genes in cytosol of PANC-1 cells, compared to controls
(SI Appendix, Fig. S5A). The presence of mitochondrial DNA in
cytosol is predominantly sensed by the cyclic GMP-AMP synthase
(cGAS)-stimulator of interferon genes (STING) complex, which
in turn activates interferon regulatory factor 3 (IRF3)-dependent
IFN and inflammatory gene expression (34). Mic60-knockdown
PDAC cells exhibited only a small, ~twofold increase of
2,3-cGAMD, a second messenger in this response (S/ Appendix,
Fig. S5B). In addition, Mic60 depletion minimally affected the
activating phosphorylation of downstream effectors of this path-
way, including STING, tank binding kinase 1 (TBK1) or IRF3
(SI Appendix, Fig. S5C). Consistent with these results, siRNA
silencing of STING in PANC-1 cells only partially reduced the
expression of some, but not all inflammatory mediators modulated
by Mic60 depletion (SI Appendix, Fig. S5D). In addition, changes
in Mic60 levels did not modulate the NLR family pyrin
domain-containing 3 (NLRP3) inflammasome, a host defense
signaling complex activated by mitochondrial DNA (35)
(81 Appendix, Fig. S5E). Together, these results suggest that mito-
chondrial DNA released in cytosol after Mic60 knockdown has a
limited role in PDAC NFkB inflammation, compared to
released dsRNA.

Reprogramming of Transcriptional Networks in Mic60-
Knockdown PDAC. In prostate cancer, a reduction in Mic60
levels is associated with multiple cellular stress signals (20). This
includes the upregulation of a senescence-associated secretory
phenotype (SASP), a transcriptional inflammatory response
often associated with mitochondrial dysfunction (36) that
impairs tumor cell proliferation (20). Mic60 depletion in PDAC
did not involve a SASP but upregulated stress-associated protein
targets of TNFa-NF«B signaling implicated in cell death and
cell survival (5), BIRC3, BIRC2, FAS, BCL2A1, CASPI1,
core components of autophagy, BECN1, ATG5, ATGI12,
and mediators of apoptosis, BAX, CASP7, APAF1 (Fig. 44
and SI Appendix, Fig. S6A). In addition, Mic60-knockdown
PDAC cells activated multiple receptor tyrosine kinase (RTK)/
growth factor receptor networks in a phospho-protein array
(Fig. 4B and SI Appendix, Fig. S6B). This included regulators
of cell proliferation (FGFR1, ErbB2, PDGF-R), angiogenesis
(VEGEFR, Tie-2, Eph), and tumor cell motility (DDRI, TrkC)
(Fig. 4B and SI Appendix, Fig. S6B), previously implicated in
PDAC progression, aberrant cell survival, and poor outcome

(37, 38).
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To test how the activation of these proliferative signals may
affect Mic60-knockdown PDAC growth, we first stably expressed
pLKO or shMic60 in murine cell lines, 2838¢3 and 6419c¢5 iso-
lated from a KPC genetic model of pancreatic cancer
(K-rasLSL.G12D/+;Trp53R172H/+;Pdx-1-Cre) (S Appendix,
Fig. S6C). We found that Mic60-knockdown 6419¢5 cells exhib-
ited faster cell cycle progression as quantified by Cell Trace analysis
and flow cytometry (Fig. 4C and S/ Appendix, Fig. S6D) and
accelerated tumor growth when engrafted in syngeneic C57BL/6]
mice (Fig. 4D). Similar results were obtained with human PANC-1
cells, where reduction in Mic60 levels was associated with increased
cell proliferation, compared to controls (S Appendix, Fig. SGE).

Preclinical Targeting of Mitochondrial dsRNA in PDAC. The
results above suggest that Mic60-knockdown PDAC exploits
mitochondrial NFkB inflammation (5) and the activation of
compensatory gene expression networks to buffer cellular szress,
and maintain tumor growth (20). To begin testing this possibility
in initial proof-of-concept experiments, we treated control or
Mic60-knockdown PDAC cells with pXSC, a small molecule
inhibitor of p50 NF«kB DNA binding. Within minutes of
exposure, pXSC caused complete but selective cell death (Fig. 4F
and Movie S1), killing Mic60-knockdown PDAC cells at ICy,
concentrations ~1,000-fold lower than control cultures (Fig. 4E).
As an independent approach, we used a neutralizing monoclonal
antibody, XT3.11 to directly target TNFa in this pathway,
which has been implicated in PDAC growth (39). Incubation
with XT3.11 dose-dependently killed PDAC cells after Mic60
depletion by siRNA (Fig. 4 F, Left) or stable shRNA (Fig. 4 F,
Right) expression, whereas parental PANC-1 cells were not affected
(Fig. 4F).

These responses were specific because exposure to the chemother-
apeutic agent, gemcitabine, a standard of care for PDAC patients
(ST Appendix, Fig. S7A), or serum deprivation (SI Appendix, Fig. S7B),
killed PDAC cells, irrespective of Mic60 levels. Consistent with these
results, systemic administration of XT3.11 antibody selectively inhib-
ited the growth of Mic60-knockdown 6419¢5 tumors, whereas con-
trol tumors were not affected (Fig. 4 G and H). Histologically,
ant-TNFa therapy distrupted the glandular architecture of
Mic60-knockdown KPC tumors, with formation of large areas of
tissue necrosis (Fig. 4/). Conversely, no histological changes were
observed in pLKO-expressing 6419¢5 KPC tumors with or without
anti-TNFa treatment (Fig. 41).

We next looked at the cell death mechanisms activated by tar-
geting NFkB in Mic60-knockdown PDAC. We found that a small
molecule inhibitor of the necrosome complex, necrostatin-1
(NEC1) reversed the cytotoxic effect of pXSC and preserved the
viability of Mic60-knockdown PDAC cells (87 Appendix, Fig. S7C
and Movie S2). Similar results were obtained after siRNA deple-
tion of the necrosome-associated RIP1 kinase, which preserved
tumor cell viability in the presence of pXSC (SI Appendix,
Fig. S7D). In contrast, z-VAD-fmk, a broad-spectrum caspase
inhibitor and suppressor of apoptosis, had no effect (S Appendix,
Fig. S7C and Movie S3). Collectively, these data suggest that tar-
geting NFkB signaling potently activates necroptosis in PDAC,
a form of inflammatory cell death (40), regulated by multiple
NFkB checkpoints (41).

Although a key tumor driver, targeting NFkB for cancer therapy
is challenging. Conversely, the TLR3-TRAFG6 signaling pathway
(27, 28) is druggable by small molecule modulators (42). The role
of TLR3 in cancer is debated (42), linked to both tumor stimu-
latory and inhibitory effects (33). In the TCGA dataset, PDAC
patients exhibited higher levels of TLR3, compared to normal
pancreas (S Appendix, Fig. S7E). By bioinformatics analysis, this
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Fig. 4. Mitochondrial inflammation maintains PDAC growth. (A) PANC-1 cells expressing siCtrl or siMic60 were profiled in a cell death pathway array by RT-
gPCR. Data are expressed as a volcano plot of log2 ratios between the groups (FDR < 5%, P < 0.05). (B) PANC-1 cells as in (A) were analyzed in a receptor tyrosine
kinase (RTK) phosphoprotein array. Data are expressed as a volcano plot of log2 ratios of protein spots between the two groups quantified by densitometry (two
independent replicates). (C) KPC-derived 6419c5 murine pancreatic cancer cells stably expressing pLKO or shMic60 were stained with CellTrace and analyzed
for differences in cell proliferation by flow cytometry. Data are expressed as density plots of ratios of fluorescence intensity between unstained (black tracing)
and stained cells on day 7 of culture. Purple tracing, pLKO; orange tracing, shMic60. (D) KPC 6419¢5 cells as in (C) were engrafted onto the flank of syngeneic
C57BL/6) mice and tumor growth was measured with a caliper at the indicated time intervals. Inset, tumor weight at day 26. (E) PANC-1 cells expressing siCtrl
or siMic60 were incubated with increasing concentration of small molecule NFxB inhibitor, pXSC and analyzed for cell death by chemiluminescence. The ICs,
concentrations are indicated. (F) PANC-1 cells expressing siCtrl or siMic60 (Left) or pLKO or shMic60 (Right) were incubated with increasing concentrations of a
neutralizing antibody to TNFa (a-TNFa, XT3.11) and analyzed for cell viability by direct cell counting. Mean+SD (n = 3). (G) C57BL/6) mice engrafted with murine
KPC 6419c5 cells expressing pLKO or shMic60 were treated with IgG or a-TNFa XT3.11 antibody (10 mg/kg i.p. 3 times per week) and examined for tumor growth
at the indicated time intervals. (H) The conditions are as in (G) and tumor weight on day 20 was quantified in the individual groups. Each symbol corresponds to
a single mouse determination. Numbers are P values by two-tailed unpaired ¢ test. (/) KPC 6419c5 tumors as in (G) were analyzed histologically by hematoxylin-

eosin staining. Representative images. (Scale bar, 100 um.)

was associated with heightened IFN gene expression (S/ Appendix,
Fig. S7F) and upregulation of a Mic60-knockdown inflammatory
transcriptome (S/ Appendix, Fig. S7G), whereas Myc target genes
were suppressed (SI Appendix, Fig. S7H). Differences in patient
survival based on TLR3 levels did not reach statistical significance
(TLR3"¥", n = 55; TLR3™, n = 115; P = 0.08).

Against this backdrop, treatment with TRAFGi selectively killed
Mic60-knockdown human (PANC-1) (Fig. 54) or murine (6419¢5)
(Fig. 5B) pancreatic cancer cells, compared to controls. In addition,
systemic administration of TRAFGi suppressed the growth of
Mic60-knockdown 6419¢5 KPC tumors in syngeneic mice, whereas
tumors generated by 6419¢5 cells expressing pLKO were not affected
(Fig. 5C). TRAF6i therapy was well tolerated and did not result in
animal weight loss throughout treatment (Fig. 5D).

We next asked if this antitumor response required an intact
immune system, and we grew 6419c5 tumors in immunocom-
promised NSG mice. Systemic TRAF6i therapy was equally effec-
tive in these settings, selectively blocking the growth of
Mic60-knockdown 6419¢5 KPC tumors, but not KPC tumors
expressing pLKO (Fig. 5E). TRAF6i administration was safe also
in the absence of an immune system, with no significant animal
weight loss throughout treatment (Fig. 5F). By IHC, KPC tumors
expressed high levels of TRAFG, consistent with pathway activa-
tion, in vivo (Fig. 5G).

In summary, we have shown that PDAC, and potentially
other malignancies, exploit antiviral signaling that protects

6 of 8 https://doi.org/10.1073/pnas.2528281123

against invading pathogens to stimulate chronic inflammation,
reprogram transcriptional networks of cell proliferation and cell
survival and fuel tumor growth, in vivo. Far from promoting
antitumor immunity (43), chronic inflammation and sustained
IFN signaling are linked to immunosuppression (44), a com-
mon finding in PDAC (45), via CD8 T cell “exhaustion” (46),
loss of effector functions (47) and accumulation of immuno-
suppressive cellular subsets in the microenvironment (45).
Mechanistically, and different from previous examples of viral
mimicry (7), this inflammatory pathway originates in mito-
chondria, where loss of organelle integrity due to reduced levels
of Mic60 (20), causes the release of dsRNA normally generated
during mitochondrial DNA transcription. In turn, the released
dsRNA engages multiple sensors, in particular, cytosolic RIG-1
(29) and endosomal TLR3-TRAFG6 (27, 28) to drive NFkB
gene expression, IFN production, and cytokine release. There
is also precedent for extracellular release of mitochondrial
dsRNA and uptake by neighboring cells (16), which may explain
the contribution of endosomal TLR3 in this pathway.

Despite the activation of multiple compensatory gene expres-
sion networks of cell proliferation, Mic60-knockdown PDAC cells
remain uniquely dependent, or “addicted” to NF«xB signaling,
consistent with its role as a nearly universal tumor driver (5). In
turn, this creates an actionable therapeutic vulnerability, and
genetic or pharmacologic targeting of TLR3-TRAF6 signaling
selectively killed Mic60-knockdown tumor cells and suppressed
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the indicated increasing concentrations of small molecule TRAF6 inhibitor (TRAF6i) and analyzed for cell death by chemiluminescence. The ICs, concentrations
are indicated. (C) KPC 6419c¢5 cells as in (B) were engrafted onto the flanks of syngeneic C57BL/6) mice, treated i.p. with vehicle (Veh) or TRAF6i (1 pg/kg in 30 pL
daily i.p.) when tumors reached ~120 mm? and tumor growth was quantified with a caliper at the indicated time intervals (Left). Right, average tumor volumes
at day 20. (D) The conditions are as in (C) and animal weight was quantified in each group at the indicated time intervals. (E) Immunocompromised NSG mice
were engrafted with KPC 6419¢5 cells expressing pLKO or shMic60, treated with vehicle or TRAF6i (1 pg/kg daily i.p.) and tumor growth was quantified at the
indicated time intervals with a caliper (Left). Right, average tumor volumes at day 18. (F) The conditions are as in (E) and changes in animal weight were quantified
at the indicated time intervals during TRAF6i treatment. (G) KPC 6419c5 tumors as in (C) were analyzed for TRAF6 expression by immunohistochemistry.
Representative images. (Scale bar, 100 um.) For panels C-F, each symbol corresponds to a single mouse determination. Numbers are P values by the two-tailed

unpaired t test.

PDAC growth in preclinical models, without overt systemic tox-
icity. Prior attempts to block TNFa-NF«B signaling in unselected
PDAC patients (39) did not produce clinical gains (48). The
results here suggest that TRAF6 inhibition may provide benefit
in preselected, Mic60-low PDAC patients, shutting off NFkB cell
survival, lowering protumorigenic inflammation (30), and block-
ing immunosuppressive reprogramming of the microenviron-

ment (49).

Materials and Methods

Patients. All patient-related research described in this study was approved by
the Institutional Review Board (IRB) of Christiana Care Health System (Newark,
DE) where the pancreas tissue investigated in this study is procured. The con-
sent contents for tissue collection, including a statement that the study involves
research, an explanation of the purpose of the research, a statement that partici-
pation is voluntary and that refusal to participate will involve no penalty or loss of
benefits to which the patient is otherwise entitled, are discussed by the surgeon
performing the procedure at Christiana Care with a witness in the office prior to
the surgery. The consents are IRB approved and all physicians who participate
in research complete the necessary Collaborative Institutional Training Initiative
Program (CITI) of human subjects.

Pancreas tissue samples harvested from ten patients with histologically con-
firmed diagnosis of locally invasive pancreatic ductal adenocarcinoma (PDAC)
age 4410 94y of age (SI Appendix, Table S1) were immediately placed on dry ice
upon surgical collection and stored at —80 °C until use. Tissue samples were pro-
cessed for RNA extraction, immunoprecipitation with antibody J2 to dsRNA and
sequence alignment of immune complexes with the mitochondrial genome. In
some experiments, formalin-fixed, paraffin-embedded pancreas tissue sections
from the same PDAC patient cohort were processed by immunohistochemistry.
A cohort of nonsmall cell lung cancer (NSCLC) patients with surgically resected
metastases to the brain has been described (26).

Immunoprecipitation and Sequencing of dsRNA. Protein G Dynabeads
(ThermoFisher Scientific) were washed and suspended in a RNA lysis buffer
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(Zymo). Five pg of J2 antibody were bound to 100 pl of beads for 1 h at 22 °C
and conjugated beads were washed with RNA lysis Buffer. PANC-1 cells (80%
confluency) were washed with 10 mL of ice-cold DPBS, scraped and centrifuged
at500x g for 5 min at4 °C.The cell pellet was lysed with 1 mL of RNA lysis buffer
incubated on ice for 5 min and centrifuged at 17,000 g for 5 min at 4 °C. Total
RNA was harvested from 10% input lysate using Trizol reagent. For immuno-
precipitation, 1 mLaliquots of PANC-1 lysate were mixed with 10 U RNase free
TurboDNase (Ambion) in 10 mM MgCl, per 1 mL of mix and further incubated
with 100 pL of J2-Dynabeads for 4 h at 4 °C. After magnetic separation, beads
were washed twice with 1 mL of high salt washing buffer (HSWB) containing
50 mM Tris-Cl, pH 7.4, 1 M NaCl, 1 mM EDTA, 1% NP-40, 0.5% DOC, 0.1% SDS,
transferred to a new tube containing NET-2 buffer and washed twice. J2-bound
dsRNA was extracted with Trizol reagent and sequenced. cDNA libraries were gen-
erated using the NEBNext Ultra Il Directional RNA library Prep Kit (New England
Biolabs) and subsequently sequenced on an lllumina HiSeq-2000 with 100-bp
paired end reads.

Bioinformatics Analysis. To evaluate the prognostic significance of a 7-gene
panel representative of Mic60-knockdown gene signature (EIF2AK2, TLR3, 0AST,
MX1, CASP1, NUFIP2, and PPIA) in PDAC, we utilized the publicly available
Pancreatic Adenocarcinoma (PAAD) dataset from The Cancer Genome Atlas (TCGA).
From the PAAD dataset, we selected only diagnostic samples, excluding neuroen-
docrine carcinoma cases, resulting in 170 patient samples for subsequent anal-
ysis. To derive a unified measure of gene set expression, we employed gene set
variation analysis (GSVA), specifically using single-sample gene set enrichment
analysis (ssGSEA), as implemented in the GSVAR package (50). GSVA transforms
the gene-by-sample expression matrix into a gene-set-by-sample expression
score, effectively summarizing the collective expression of the selected seven
genes across individual samples. A waterfall plot was generated to visualize the
distribution of these gene set scores across the patient cohort. Next, patients
were stratified into low- and high-expression groups (54 and 116, respectively)
based on an optimal cutoff point for the continuous gene set scores, determined
using the cutp function from the survMisc R package (51). Kaplan-Meier survival
analysis, supplemented by a Cox proportional hazards model, was then conducted
to compare overall survival (OS) between the low- and high-expression groups.
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TCGA RNA-seq data were downloaded from UCSC Xena (52) “TCGA Pan-Cancer
(PANCAN)" data hub processed by "TOIL RSEM fpkm" pipeline in a form of log2
(fokm + 0.001) values and converted to absolute FPKM values. Mitochondrial
content was calculated as a sum of FPKM values for mitochondrial genes divided
by total FPKM sum.

Data, Materials, and Software Availability. All study data are included in the
article and/or supporting information.
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