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HSP70-mediated mitochondrial dynamics and autophagy
represent a novel vulnerability in pancreatic cancer
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Pancreatic ductal adenocarcinoma (PDAC), the most prevalent type of pancreatic cancer, is one of the deadliest forms of cancer
with limited therapy options. Overexpression of the heat shock protein 70 (HSP70) is a hallmark of cancer that is strongly associated
with aggressive disease and worse clinical outcomes. However, the underlying mechanisms by which HSP70 allows tumor cells to
thrive under conditions of continuous stress have not been fully described. Here, we report that PDAC has the highest expression of
HSP70 relative to normal tissue across all cancers analyzed. Furthermore, HSP70 expression is associated with tumor grade and is
further enhanced in metastatic PDAC. We show that genetic or therapeutic ablation of HSP70 alters mitochondrial subcellular
localization, impairs mitochondrial dynamics, and promotes mitochondrial swelling to induce apoptosis. Mechanistically, we find
that targeting HSP70 suppresses the PTEN-induced kinase 1 (PINK1) mediated phosphorylation of dynamin-related protein 1
(DRP1). Treatment with the HSP70 inhibitor AP-4-139B was efficacious as a single agent in primary and metastatic mouse models of
PDAC. In addition, we demonstrate that HSP70 inhibition promotes the AMP-activated protein kinase (AMPK) mediated
phosphorylation of Beclin-1, a key regulator of autophagic flux. Accordingly, we find that the autophagy inhibitor
hydroxychloroquine (HCQ) enhances the ability of AP-4-139B to mediate anti-tumor activity in vivo. Collectively, our results suggest
that HSP70 is a multi-functional driver of tumorigenesis that orchestrates mitochondrial dynamics and autophagy. Moreover, these
findings support the rationale for concurrent inhibition of HSP70 and autophagy as a novel therapeutic approach for HSP70-
driven PDAC.
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INTRODUCTION
The majority of human cancers remain refractory to chemothera-
pies in large part because of their resistance to apoptosis. Several
proteins are known to exert anti-apoptotic functions, including the
heat shock protein 70 (HSP70) [1]. HSP70 (also known as HSPA1A)
is a protein chaperone that is overexpressed in a wide range of
human cancers and is associated with poor survival [2]. HSP70
plays a role in several pro-survival mechanisms, including protein
folding, assembly of protein complexes, transport of proteins
across membranes, and targeting damaged proteins for degrada-
tion [3]. By regulating protein quality control, HSP70 allows tumor
cells to survive the harsh conditions they encounter within the
tumor microenvironment (TME) [2, 4–7]. In addition, HSP70
provides tumors a selective advantage by interfering with anti-
tumor immunity and promoting metastasis [8]. Thus, HSP70 is
considered to act as an oncogene that is essential for the initiation
and progression of human cancer [2]. Notably, HSP70 is highly

expressed in tumor cells but is virtually undetectable in unstressed
cells and tissues [2, 4–7]. As a result, the tumor-specific expression
of HSP70 has rendered this chaperone an attractive target for
cancer therapy.
Pancreatic ductal adenocarcinoma (PDAC), the most prevalent

type of pancreatic cancer, is an aggressive and fatal malignancy. In
2022, over 465,000 deaths from pancreatic cancer were reported
worldwide [9]. Approximately ninety percent of PDACs are
associated with mutations in Kirsten rat sarcoma (KRAS) and as a
result are considered to be the most “RAS addicted” of all human
cancers. Recent advances have shifted the paradigm of the
undruggable RAS protein. A ground-breaking inhibitor of KRAS,
sotorasib, was approved in 2021 by the U.S. Food and Drug
Administration for certain cancers harboring a KRAS G12C
mutation [10]. However, KRAS G12C mutations account for only
1–2% of pancreatic cancers [11]. Alternative therapies have been
extensively investigated in PDAC, including the inhibition of the
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extracellular signal-regulated kinase/mitogen-activated protein
kinase (ERK-MAPK) pathway that is constitutively activated by
mutant RAS. Unfortunately, pharmacological inhibition of the ERK-
MAPK pathway has proven largely ineffective in patients with
PDAC [12]. Furthermore, clinical trials using immune checkpoint
blockade against PD-1 and/or CTLA-4 have also proven ineffective
in PDAC [13–15]. These results highlight the urgent need for novel
therapeutic strategies to combat the intrinsically resistant nature
of PDAC.
We previously reported that a significant fraction of the

cytosolic HSP70 localizes to the mitochondria of PDAC cells; in
contrast, normal cells and tissues do not show mitochondrial
localization of HSP70 [3]. However, little is known about the role of
HSP70 at the mitochondria of tumor cells. Furthermore, whether
mitochondrial HSP70 represents a novel vulnerability in PDAC has
yet to be determined. In this study, we demonstrated that HSP70
inhibition altered mitochondrial subcellular localization and
induced mitochondrial swelling to promote apoptosis in PDAC
cells. Mechanistically, we found that targeting HSP70 inhibited the
PINK1-mediated phosphorylation of DRP1 and suppressed mito-
chondrial dynamics, a process that is essential for the progression
of PDAC [16]. Treatment with the HSP70 inhibitor AP-4-139B
showed single-agent efficacy in multiple xenograft models, and in
a model of metastasis by suppressing the epithelial-mesenchymal
transition (EMT). We also found that HSP70 inhibition promoted
the AMPK-mediated phosphorylation of Beclin-1, a critical regu-
lator of autophagy. In line with these findings, HSP70 inhibition
increased autophagic flux in PDAC cells and synergized with the
autophagy inhibitor hydroxychloroquine (HCQ) in vivo. Together,
our data suggest that HSP70 inhibition may serve as a novel
therapeutic strategy in PDAC that may be further enhanced with
concomitant inhibition of autophagy.

RESULTS
HSP70 inhibition impairs mitochondrial function in PDAC cells
Unlike normal cells, tumor cells have a significant fraction of
HSP70 localized to the mitochondria [3]. We sought to target this
potential vulnerability in PDAC by leveraging a uniquely acting
HSP70 inhibitor, AP-4-139B (also ‘139B’), that targets HSP70 in
multiple compartments of tumor cells including the mitochondria
[17]. AP-4-139B is a highly specific inhibitor that targets the stress-
induced HSP70. Notably, AP-4-139B does not bind to other HSP70
family members that are constitutively expressed and not
appreciably induced by stress, including GRP75 and BiP [17]. To
test the impact of AP-4-139B on mitochondrial activity in PDAC,
we assessed mitochondrial function in TERT-immortalized human
pancreatic epithelial cells (hTERT-HPNE) versus two PDAC cell
lines, PANC-1 and MIA PaCa-2. Each cell line was incubated for
24 h with a sub-lethal concentration of AP-4-139B (500 nM) and
subsequently subjected to the Mitochondrial Stress Test using a
Seahorse XFe96 analyzer. These analyses showed that non-
transformed hTERT-HPNE cells were largely unaffected by HSP70
inhibition (HSP70i). However, PANC-1 and MIA PaCa-2 cells showed
a significant reduction in basal and maximal oxygen consumption
rates, along with a decrease in ATP production when treated with
AP-4-139B (Fig. 1A–F).
HSP70 has been shown to suppress mitochondrial reactive

oxygen species (ROS) [18]. Given that large changes in ROS can
promote oxidative stress to induce cell death [19], we sought to
determine whether HSP70 inhibition impacts the production
of global intracellular ROS as well as mitochondrial ROS (mROS).
To test this, we performed CellROX and MitoSOX-based flow
cytometric assays to detect ROS and mROS in untreated versus
AP-4-139B treated PDAC cells, respectively. We found that HSP70
inhibition increased ROS levels (Supplementary Fig. 1A, B) and led
to a dose-dependent increase in mROS in multiple PDAC cell lines
tested (Fig. 1G, H). In line with these findings, we observed a dose-

dependent loss of mitochondrial membrane potential (MMP) in
PANC-1 and MIA PaCa-2 cells treated with AP-4-139B (Fig. 1I, J,
Supplementary Fig. 1C, D). In sum, our results provide evidence
that suppression of HSP70 impairs mitochondrial function in PDAC
cells.

HSP70 regulates mitochondrial subcellular localization and
dynamics
Recent studies suggest that bioenergetically active mitochondria
travel to the cortical cytoskeleton and localize to focal adhesion
complexes to regulate pro-tumorigenic pathways, including
enhanced cell motility and invasion of tumor cells [20]. To our
knowledge, the impact of HSP70 on mitochondrial subcellular
localization has never been studied. To test this, we plated PANC-1
and MIA PaCa-2 cells on coverslips in the presence or absence of
AP-4-139B for 24 h. We then stained the cells with MitoTracker
DeepRed followed by confocal microscopy and cortical mitochon-
drial analysis as previously described [21]. We found that HSP70
inhibition led to a redistribution of mitochondria from the
peripheral/cortical cytoskeleton to the perinuclear region in both
PDAC cell lines tested (Fig. 2A–C). Similar results were observed
using pooled siRNA against the stress-induced HSP70 family
member HSPA1A (Supplementary Fig. 1E–G), which localizes in
part to the mitochondria of tumor cells [3]. Given that the
functional role of HSP70 in mitochondrial dynamics has not been
defined, we also wanted to determine whether HSP70 inhibition
affects mitochondrial dynamics. Using time-lapse video-micro-
scopy, we found that genetic or therapeutic ablation of
HSP70 significantly impaired mitochondrial motility, as evidenced
by a reduction in the speed of movement and a decrease in
distance traveled by individual mitochondria in AP-4-139B treated
PDAC cells (Fig. 2D–F, Supplementary Fig. 2A–C).
Mitochondrial subcellular distribution and motility are both

influenced by mitochondrial structure, which is regulated by the
processes of mitochondrial fission and fusion. These processes
also regulate mitochondrial homeostasis and serve to maintain
optimal mitochondrial function [22]. To test the impact of HSP70
inhibition on mitochondrial structure, we analyzed structural
features of mitochondria in AP-4-139B treated PDAC cells stained
with MitoTracker Red using Mito Hacker [23]. We observed
significant differences in several structural features of the
mitochondrial network upon HSP70 inhibition in both PANC-1
and MIA PaCa-2 cells, including mitochondrial roundness and
width (Fig. 2G, H). Together, these findings are indicative of
mitochondrial swelling, a key morphological feature of mitochon-
drial cell death [24]. These data are also consistent with a shift in
the balance of fusion and fission activity [25]. To expand on these
findings, we analyzed the mitochondria of PDAC cells by time-
lapse video-microscopy and found that genetic ablation or
pharmacological inhibition of HSP70 impaired mitochondrial
networks in PANC-1 and MIA PaCa-2 cells, as demonstrated by a
reduction in the rates of mitochondrial fission and fusion events
(Fig. 2I, J, Supplementary Fig. 2D–I). Taken together, our results
support the notion that HSP70 regulates mitochondrial dynamics
and subcellular organelle trafficking, both of which are critical for
the progression and metastasis of PDAC [16, 26]. Furthermore,
induction of mitochondrial swelling by HSP70 inhibition supports
the premise that suppression of HSP70 can promote the
mitochondrial cell death program.

Ablation of HSP70 suppresses the PINK1-mediated
phosphorylation of DRP1
DRP1 is a GTPase that promotes metabolic and mitochondrial
changes necessary to promote pancreatic cancer [16, 25]. Therefore,
we hypothesized that the impact of HSP70 inhibition on mitochon-
drial dynamics we describe herein may be dependent on DRP1.
To test this, we first assessed the impact of HSP70 inhibition on DRP1
phosphorylation at serine 616, a post-translational modification that
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Fig. 1 HSP70 inhibition impairs mitochondrial function and induces ROS. A–C Mitochondrial oxygen consumption rates (OCR) were
measured in pancreatic cancer cell lines (PANC-1 and MIA PaCa-2), as well as non-transformed pancreatic ductal cells (hTERT-HPNE), in the
presence or absence of 500 nM of HSP70i (AP-4-139B). All experiments were performed in triplicate, with each group containing 8–10
technical replicates. D–F Basal oxygen consumption rates (OCR), maximal respiration, and ATP production were analyzed and quantified in the
presence or absence of 500 nM AP-4-139B. **p < 0.01, ***p < 0.001, n.s. not significant. G–H PANC-1 and MIA PaCa-2 cells were treated with the
indicated doses of AP-4-139B for 48 h. Cells were then incubated with MitoSOX-Green, harvested, and analyzed by flow cytometry to
determine mitochondrial ROS production. Fluorescence mean was analyzed and plotted on a histogram. *p < 0.05; n= 3 independent
experiments. PANC-1 (I) and MIA PaCa-2 (J) cells were treated with the indicated doses of AP-4-139B for 24 h. Cells were then stained with
50 nM of TMRE for 30min, and fluorescence intensity was measured using a plate reader. Shown are representative data of two independent
experiments, with each condition containing six technical replicates. ***p < 0.001.
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Fig. 2 HSP70 inhibition affects mitochondrial subcellular localization and dynamics. A PANC-1 and MIA PaCa-2 cells were treated with
500 nM or 1 μM of AP-4-139B for 24 h and the percentage of cortical mitochondria were analyzed. Shown are representative images of
mitochondria that were labeled with 100 nM MitoTracker deep red FM dye (magenta), while actin filaments were stained with phalloidin
(white) and nuclei stained with Hoechst (cyan). Six to eight images were taken per experimental group via confocal microscopy at 40X
magnification. Bar scale: 25 µm. B, C Quantification of (A); ***p < 0.001. D PANC-1 and MIA PaCa-2 cells were treated with 500 nM of AP-4-139B
for 24 h and were analyzed for mitochondrial motility by time-lapse video-microscopy. Magenta = 0 seconds, yellow = 90 seconds, white =
overlap. Bar scale: 10 µm. E, F. Quantification of (D); mitochondrial motility was measured and the speed (E) and the distance (F) of each
mitochondrion were analyzed. 12-19 individual mitochondria were analyzed per treatment group for each cell line; **p < 0.01. G, H. PANC-1
(left) and MIA PaCa-2 (right) cells were treated with 2 μM AP-4-139B for 24 h, and were then stained with MitoTracker Red. Mitochondrial
morphologies were 3D surfaced mapped using Imaris software. Bar scale: 10 µm; n= 2 biological replicates. To the right of each representative
images are the quantification of mitochondrial roundness and width; ***p < 0.001. I MIA PaCa-2 cells were treated with 500 nM AP-4-139B for
24 h followed by staining with MitoTracker Deep Red. Time-lapse video-microscopy was performed by acquiring images every 3 s for a 1-min
interval and change in mitochondrial volume over time was measured. n= 2 independent biological replicates, with six single cells imaged for
each experimental condition. J Quantification of mitochondrial fission (<0.7-fold mitochondrial volume) and fusion (>1.3-fold mitochondrial
volume) events in a 1-min time interval. *p < 0.05. Data are shown as mean ± SD.
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promotes mitochondrial fragmentation. We found that HSP70
inhibition with AP-4-139B significantly reduced the levels of
phosphorylated DRP1 at serine 616 in three different PDAC cell lines
tested (Fig. 3A–C). Quantification of Western blot analysis suggested
a time-dependent decrease in DRP1-serine 616 phosphorylation

upon HSP70 inhibition (Fig. 3D–F). We also observed a concurrent
increase in the phosphorylation of DRP1 at serine 637 upon HSP70
inhibition in PDAC cells (Supplementary Fig. 3A). To experimentally
recapitulate these results using genetic ablation of HSP70, we
transfected PANC-1 and Hs776T cells with a pool of HSPA1A siRNA
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and assessed the phosphorylation of DRP1 at serine 616. Silencing of
HSP70 led to markedly lower levels of DRP1 phosphorylation at
serine 616 in both PDAC cell lines (Fig. 3G–I, Supplementary
Fig. 3B–D). These data suggest that inhibition of HSP70 alters DRP1
phosphorylation, which may explain in part how HSP70 inhibition
impairs mitochondrial dynamics.
We then sought to determine the mechanism by which HSP70

inhibition affects DRP1 phosphorylation to regulate mitochondrial
dynamics in PDAC. The MAP kinase ERK2 has been shown to
phosphorylate DRP1 at serine 616 to promote mitochondrial
fission and pancreatic tumor growth [16]. Surprisingly, we found
that PDAC cells treated with AP-4-139B did not show any
significant changes in the phosphorylation or the total levels of
ERK1/2 (Supplementary Fig. 3E–G), suggesting that HSP70i-
mediated regulation of DRP1 is independent of ERK1/2. While
there are several other protein kinases that can regulate the
phosphorylation of DRP1 at serine 616, we next focused on
kinases that (1) are classified as bona fide HSP70 client proteins
and (2) have been implicated in DRP1-mediated mitochondrial
dynamics. Of these, the serine/threonine protein kinase PTEN-
induced kinase 1 (PINK1) has been reported to interact with HSP70
in overexpression studies [27, 28] and has been shown to
phosphorylate DRP1 at serine 616 to regulate mitochondrial
dynamics [29]. We found that PDAC cells treated with concentra-
tions of AP-4-139B shown to reduce the phosphorylation of DRP1
at serine 616 also showed a significant reduction in the protein
levels of PINK1 (Fig. 3J). Western blot analysis of additional kinases
previously reported to regulate DRP1 phosphorylation at serine
616, including AKT [30], CDK1 [31], CDK5 [32] and GSK-3β [33],
were not markedly affected by HSP70 inhibition (Fig. 3J).
Given that PINK1 is an intrinsically unstable protein that is

subject to both cleavage and proteasomal degradation [34, 35],
we sought to determine whether it might interact with, and be
regulated by, HSP70. To test this, we first performed co-
immunofluorescence (co-IF) of endogenous HSP70 and PINK1 in
PANC-1 and MIA PaCa-2 cells. We found that both PDAC cell lines
tested showed significant co-localization of PINK1 and HSP70,
predominantly in the cytoplasm (Fig. 3K). Next, we assessed the
ability of HSP70 to interact with PINK1 using two assays, co-
immunoprecipitation (co-IP) and the proximity ligation assay
(PLA). Immunoprecipitation with PINK1 antisera revealed HSP70 in
the immunoprecipitated complexes of PANC-1 and MIA PaCa-2
cells (Fig. 3L). Furthermore, PLA performed in PANC-1 cells
corroborated an interaction between HSP70 and PINK1 (Fig. 3M).
Lastly, we co-expressed PINK1-YFP and mScarlet-HSP70 in PANC-1
cells and found that overexpression of HSP70 resulted in increased
levels of PINK1 after treatment with cycloheximide (CHX)

compared to mScarlet-Vector control (Fig. 3N). Taken together,
our data support the premise that PINK1 is a bona fide client
protein of HSP70 and support a novel mechanism by which HSP70
inhibition suppresses the PINK1-DRP1 axis to regulate mitochon-
drial dynamics in PDAC.

HSP70 inhibition limits cancer cell migration in vitro and
metastasis in vivo
Given the role of DRP1 and mitochondrial dynamics in tumor-
invasive phenotypes, we wanted to determine the impact of AP-4-
139B on migration and metastasis in PDAC. For these studies, we
used concentrations and timepoints of AP-4-139B that did not
inhibit cell proliferation and were not cytotoxic when cells were
grown as a monolayer. These assays revealed that after treatment
with AP-4-139B, the ability of PANC-1 and MIA PaCa-2 cells to
migrate was markedly impaired (Fig. 4A). By 36 h, the DMSO control
groups were 90%+ filled in, whereas the AP-4-139B treated
migration was approximately 50% (Fig. 4B). To further support
these findings, we performed live-cell imaging on single cells to
determine 2D tumor cell motility in response to HSP70 inhibition.
Again, at doses that are non-cytotoxic, we noted significantly
impaired motility of both PANC-1 and MIA PaCa-2 cells following
treatment with AP-4-139B (Fig. 4C–E). Western blot analysis of these
two cell lines showed that HSP70 inhibition led to a reduction in
several markers of EMT, including Snail, Slug, and β-Catenin
(Supplementary Fig. 3H, I), which may explain in part the decrease
in the migration potential of PDAC cells treated with AP-4-139B.
We next sought to assess the ability of HSP70 inhibition to

suppress pancreatic cancer metastasis in vivo. Toward this goal,
we utilized the MIA PaCa-2 PDAC cell line, which is commonly
used in metastasis assays because of its ability to colonize the lung
following tail vein injection [36]. We injected MIA PaCa-2 cells into
NSG mice via the tail vein, followed by intraperitoneal (i.p.)
injections of 10 mg/kg AP-4-139B every other day (Fig. 4F). We
found that treatment of mice with AP-4-139B led to a significant
decrease in metastatic potential; this was accompanied by a
decrease in lung weights and a decrease in Ki67 staining, a marker
of proliferation, in lung metastases of mice treated with AP-4-139B
(Fig. 4G–J). We found no obvious signs of toxicity at this dose, as
there was no evidence of weight loss in AP-4-139B treated mice
(Supplementary Fig. 3J, K). The combined data support the
efficacy of AP-4-139B against metastatic PDAC in vivo.

Single-agent efficacy of HSP70 inhibition in PDAC cells and
xenograft models
To demonstrate the therapeutic potential and clinical relevance of
targeting HSP70 in pancreatic cancer, we first analyzed the mRNA

Fig. 3 Genetic or therapeutic ablation of HSP70 impairs the PINK1-mediated phosphorylation of DRP1 at serine 616. A–C Hs766T, PANC-1,
and MIA PaCa-2 cells were treated with the indicated doses of AP-4-139B and harvested every 24 h for 72 h. Cell lysates were subjected to
Western blot analysis and immunoblotted for phospho-DRP1 (S616), total DRP1, and GAPDH (loading control). D–F Quantification of (A–C) was
performed by obtaining the density of the phospho-DRP1 bands using ImageJ software and normalizing to total DRP1 levels. *p < 0.05,
**p < 0.01, ***p < 0.001, n.s. not significant. Shown are quantification of three independent experiments. G PANC-1 cells were transfected with
a pool of HSPA1A siRNA and were harvested 48 h later. Cell lysates were subjected to Western blot analysis and immunoblotted for phospho-
DRP1 (S616), total DRP1, HSP70 and GAPDH (loading control). H, I Quantification of (G) was performed by obtaining the density of the
phospho-DRP1 bands using ImageJ software and normalizing to total DRP1 levels. Quantification of HSP70 was normalized to GAPDH.
**p < 0.01, ***p < 0.001. Shown are quantification of three independent experiments. J Hs766T and PANC-1 cells were treated with 5 μM AP-4-
139B for 24 h. Cell lysates were subjected to Western blot analysis and immunoblotted for phospho-DRP1 (S616), DRP1, PINK1 (mature form),
AKT, ERK, CDK1, CDK5, GSK-3β, and GAPDH (loading control). n= 3 independent experiments. K Co-immunofluorescence (Co-IF) analysis of
PANC-1 and MIA PaCa-2 cells immunostained with HSP70 and PINK1, followed by fluorescent secondary staining along with DAPI (blue).
Three-dimensional (3D) images were generated using Imaris imaging analysis software. n= 3 independent experiments. Bar scale: 10 µm.
L Lysates from PANC-1 and MIA PaCa-2 cells were immunoprecipitated with IgG or anti-PINK1 antibodies and probed for HSP70. M Proximity
Ligation Assays (PLA) for HSP70-PINK1 complexes in PANC-1 cells. Individual HSP70-PINK1 interactions are visualized by fluorescent signal
(red) with nuclei counterstained with DAPI. Right; quantification of the HSP70-PINK1 interactions measured as the average number of PLA
signals per nuclei from over 100 cells analyzed from random fields. n= 2 independent experiments. ***p < 0.001. Bar scale: 20 µm. N PANC-1
cells were transfected with a PINK1-YFP plasmid in the presence or absence of mScarlet-HSP70 plasmid for 48 h. Cells were then treated with
80 µg/mL of cycloheximide (CHX) and lysed at the indicated times following the addition of CHX. Protein levels of PINK1 and HSP70 were
measured by Western blot analysis. GAPDH was used as a loading control.
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expression of HSP70 (HSPA1A) in different tumor types in
comparison with their normal tissue counterparts using the
Cancer Genome Atlas (TCGA) (https://www.cancer.gov/tcga). We
found that HSP70 was significantly overexpressed in several

different cancer types compared with normal tissues (Fig. 5A).
More importantly, PDAC was the cancer type with the highest
ratio of HSP70 in tumor versus normal tissue, highlighting the
potential of HSP70 as a PDAC-specific target. We also found that
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HSP70 expression was highest in Grade II/III pancreatic cancer
compared to Grade I tumors (Fig. 5B) and that expression was also
increased in metastatic disease (Fig. 5C).
We next performed cell viability assays on a panel of human

PDAC cell lines treated with three distinct HSP70 inhibitors: VER-
155008, PET-16, and AP-4-139B. VER-155008 had little to modest
ability to decrease PDAC cell viability and PET-16 showed effects
on viability in a cell-type specific manner, whereas AP-4-139B was
markedly more cytotoxic across all PDAC cell lines tested (Fig. 5D,
Supplementary Fig. 3L, M). We extended these findings by
performing Western blot analyses on five PDAC cell lines and
found that AP-4-139B was the only HSP70 inhibitor able to induce
cell death in all cell lines compared to other HSP70 inhibitors
tested, as seen by an induction of multiple cell death markers
including Cleaved Lamin A and Cleaved Caspase 3 (Supplemen-
tary Fig. 4A). At identical concentrations, AP-4-139B also showed
superior efficacy in stimulating cell death in PDAC cells compared
to the well-established HSP90 inhibitor 17-AAG (Fig. 5E). Next, we
assessed the GI50 (growth inhibition – 50) of AP-4-139B in six
PDAC cell lines of distinct genotypes, including cell lines with
different KRAS and TP53 mutations. We also compared the toxicity
of AP-4-139B with other HSP70 inhibitors, as well as VY-3-277,
which served as a negative control for AP-4-139B. VY-3-277
consists of the TPP group plus the linker but does not contain the
planar group required to inhibit HSP70 [17]. As expected, VY-3-277
had GI50 values that were 15 to 60-fold higher than AP-4-139B. In
addition, AP-4-139B performed in a superior manner compared to
VER-155008 and PET-16 in all PDAC cell lines tested, irrespective of
genotype (Supplementary Fig. 4B–E). To confirm that the effects of
AP-4-139B were directly due to HSP70 inhibition, we generated
two independent clones of HSP70 knockout (KO) MIA PaCa-2 cells
using CRISPR/Cas9 technology (Supplementary Fig. 4F). We found
that loss of HSP70 led to a significant increase in resistance to AP-
4-139B in MIA PaCa-2 cells (Fig. 5F). Notably, protein levels of other
HSP70 family members, including the cognate HSPA8 (HSC70) and
the mitochondrial HSPA9 (GRP75), were unaffected in HSP70-KO
cells (Supplementary Fig. 4F). Together, our data strongly support
that AP-4-139B affects the viability of PDAC cells by specifically
targeting the stress-induced HSP70.
We previously performed unbiased proteomic analysis on the

mitochondria of AP-4-139B treated melanoma cells and identified
novel HSP70 client proteins including MRPS14 and NDUFA6 [17].
Western blot analysis in three human PDAC cell lines treated with
the GI50 of AP-4-139B showed significantly decreased levels of
MRPS14 and NDUFA6 across all cell lines and time points tested,
while the levels of non-HSP70 client proteins, such as BAK, were
unaffected (Fig. 5G). Similar results were also found in several
murine PDAC cell lines tested (Supplementary Fig. 4G), confirming
the direct efficacy of AP-4-139B on the mitochondria of PDAC
cells. Interestingly, VER-155008 and the HSP90 inhibitor 17-AAG
did not cause a reduction in MRPS14 (Fig. 5E), consistent with the

notion that HSP70 and HSP90 have some non-overlapping roles in
proteostasis and cancer.
We then assessed the ability of AP-4-139B to impact tumor

growth in vivo. Our data revealed that HSP70 inhibition
significantly reduced the progression of both PANC-1 and MIA
PaCa-2 tumor xenografts when mice were treated every other day
with 10mg/kg of AP-4-139B, compared to vehicle alone (Fig. 5H,
Supplementary Fig. 5A); this was confirmed by tumor volumes and
tumor weights at endpoint for both xenograft models (Fig. 5I,
Supplementary Fig. 5B, C). We then analyzed tumor tissues using
immunohistochemistry (IHC) and found that treatment with AP-4-
139B led to reduced immunostaining for Ki67 (proliferation) and
CD31 (angiogenesis), along with an increase in staining for cell
death markers Cleaved Lamin A and Cleaved Caspase 3 (Fig. 5J, K,
Supplementary Fig. 5D, E). We found no apparent signs of toxicity
at this dose, as there was no evidence of weight loss or abnormal
pancreas architecture (Supplementary Fig. 5F–J). Notably, we
observed a significant reduction of PINK1 immunofluorescence in
tumor tissues of PANC-1 and MIA PaCa-2 xenografts treated with
AP-4-139B (Fig. 5L, M, Supplementary Fig. 5K, L). Taken together,
the combined data support the premise that AP-4-139B is
efficacious as a single agent to attenuate tumor progression in
part by targeting mitochondrial function in vivo.

Inhibition of HSP70 induces autophagic flux in pancreatic
cancer cells
Several reports have established that basal levels of autophagy are
elevated in PDAC and may serve as a protective, anti-apoptotic
mechanism against cytotoxic therapy [37–40]. However, the direct
role of HSP70 in the regulation of autophagy in cancer remains
somewhat controversial and may be due in part to tumor-specific
differences across different studies performed. To determine whether
HSP70 inhibition affects autophagy in PDAC, we used several
biochemical techniques to investigate changes in autophagic flux
upon inhibition of HSP70 [41]. First, we assessed autophagic flux in a
panel of PDAC cell lines stably expressing the tandem fluorescence
reporter mCherry-EGFP-LC3B. LC3B is an autophagy-related protein
that undergoes post-translational modifications that lead to its
lipidation and association with autophagic vesicles [42]. We found
that HSP70 inhibition with AP-4-139B led to an increase in
autophagic flux in four human PDAC cell lines tested (Fig. 6A, B).
We then performed Western blot analysis to monitor the induction of
the lipidated, autophagosome-associated LC3B-II as well as the
phosphorylation of Beclin-1, a key driver of early-stage autophagy
initiation and phagophore assembly [43]. We found that HSP70
inhibition significantly enhanced the levels of LC3B-II and activation
of Beclin-1 as evidenced by enhanced phosphorylation at serine 93
(Fig. 6C). To expand on these findings and confirm the impact of
HSP70 inhibition on autophagy, we performed additional autophagic
flux assays in the presence or absence of chloroquine (CQ), an
inhibitor of autophagy. As expected, treatment of PDAC cells with

Fig. 4 HSP70 inhibition limits PDAC cell migration in vitro and metastasis in vivo. A Primary (PANC-1) and metastatic (MIA PaCa-2) PDAC
cells were seeded and allowed to form a confluent monolayer. Cells were scratched with a pipet tip and treated with DMSO or AP-4-139B and
then imaged at 0, 24 and 36 h. Bar scale: 250 µm. B Quantification of the percentage of wound closure in (A) had 0, 24, and 36 h in DMSO
versus AP-4-139B treated cells. The data depicted represent one representative containing data from three independent wells from a single
experiment. n= 3 independent experiments; ***p < 0.001. C PANC-1 and MIA PaCa-2 cells were treated with the indicated doses of AP-4-139B
for 24 h and were then analyzed for single-cell motility by time-lapse video-microscopy in 2D contour plots. The cutoff velocities for slow
moving (black) or fast-moving (pink) cells are indicated. Quantification of the average speed of cell movements (D) and total distance traveled
by individual cells (E). The mean ± SD speed of cell motility (µm/min), distance traveled (µm), and p values are indicated (n= approximately 35
cells per condition tested). **p < 0.01, ***p < 0.001. F Schematic representation of the metastasis assay. MIA PaCa-2 cells (5 × 105) cells were
injected into the tail vain of 8- to 10-week-old female NSG mice. Mice were treated with intraperitoneal (i.p.) injection of 10 mg/kg AP-4-139B
every 48 h. After 5 weeks, the lungs of mice were formalin-fixed, and H&E stained and assessed for the presence of metastatic nodules.
G Representative H&E and Ki67 images of lung metastases from NSG mice injected with MIA PaCa-2 cells in the tail vein, followed by
treatment with vehicle or AP-4-139B. Bar scale: 100 µm. Rabbit IgG was used as a negative control for IHC analysis. Quantification of lung
weights, metastatic burden, and Ki67 staining. Quantification of (H) was performed on all mice in the study, while quantification of (I, J) was
performed on n= 5-6 mice per treatment group.
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AP-4-139B caused a significant increase in autophagic flux; however,
HSP70i-mediated induction of autophagy was significantly abrogated
in the presence of CQ (Fig. 6D). Therefore, upon using multiple assays
to monitor autophagy under different conditions in four human

PDAC cell lines, our data support the premise that HSP70 inhibition
leads to an induction of autophagic flux in PDAC.
AMPK is a critical energy sensor that is activated by

phosphorylation [44]. Upon activation, AMPK can subsequently
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promote the phosphorylation of Beclin-1 to induce autophagy
[45]. We found that PDAC cells treated with AP-4-139B display a
significant induction in the phosphorylation of AMPK at threonine
172, a well-established marker of AMPK activation (Fig. 6E).
Furthermore, we performed autophagic flux analysis of AP-4-139B
treated PDAC cells in the presence or absence of pooled siRNA to
AMPK (PRKAA1). These assays revealed that silencing of AMPK by
siRNA suppressed the ability of AP-4-139B to induce autophagy in
PDAC cells (Fig. 6F–H). While these data strengthen the role of
AMPK in HSP70i-induced autophagy, the mechanism by which
AMPK is activated by HSP70 inhibition is unknown. Recent reports
have shown that AMPK is activated by the induction of
mitochondrial ROS [46]. Given that HSP70 inhibition caused a
significant induction of mitochondrial ROS in PDAC cells, we
hypothesized that AMPK activation following HSP70 inhibition
may be occurring via a similar mechanism. To test this, we pre-
treated PK-8 and TCC-Pan2 cells with the mitochondrial-specific
ROS scavenger Mito-TEMPO [47] for 3 h prior to HSP70 inhibition
with AP-4-139B. Interestingly, we found that pre-treatment of
PDAC cells with Mito-TEMPO significantly suppressed the ability of
AP-4-139B to induce AMPK phosphorylation at threonine 172
(Fig. 6I, J). Taken together, these findings support the notion that
HSP70 inhibition activates AMPK-mediated autophagy in part via
the induction of mitochondrial ROS.

Concurrent inhibition of HSP70 and autophagy impairs the
progression of PDAC
We next sought to determine whether the combination of HSP70
and autophagy inhibition may be efficacious for the treatment of
PDAC. Toward this end, we treated a panel of PDAC cell lines with
AP-4-139B, CQ, or the combination of both inhibitors. BLISS
synergy analysis revealed that the combination of AP-4-139B and
CQ exhibited synergistic activity in all four PDAC cell lines tested
(Fig. 7A). Given that CQ inhibits autophagy indirectly by affecting
lysosomal function [48], we performed additional synergy assays
using inhibitors that block specific components of the autophagic
pathway, including Spautin-1 and MRT68921. Spautin-1 inhibits
the ubiquitin-specific peptidases USP10 and USP13 that are
necessary to initiate autophagosome formation [49]; MRT68921
targets the protein kinases ULK1/2, which are catalytic compo-
nents of the autophagy pre-initiation complex [50]. Like CQ,
Spautin-1 and MRT68921 synergized with AP-4-139B in all four
PDAC cell lines tested (Supplementary Fig. 6A, B). We then
performed Western blot analysis on the same four PDAC cell lines
and found that treatment with the combination of AP-4-139B and
CQ led to an induction of apoptosis, as evidenced by increased
levels of Cleaved Lamin A, Cleaved Caspase 3, and Cleaved PARP

compared with either agent alone (Fig. 7B). We then performed
clonogenic survival assays and found that combining AP-4-139B
with CQ significantly impaired colony formation in PK-8 and MIA
PaCa-2 cells compared to either agent alone (Fig. 7C, D, Supple-
mentary Fig. 6C, D). In sum, our data suggest that AP-4-139B
synergizes with autophagy inhibitors to suppress the progression
of PDAC in vitro.
We next evaluated the impact of concomitant HSP70 and

autophagy inhibition on PDAC tumor growth in vivo. To test this,
we subcutaneously injected PK-8 cells into the flanks of NSG mice.
When tumors reached approximately 50mm3, mice were rando-
mized into four groups (n= 7–9 mice per group): Vehicle, AP-4-139B
(10mg/kg i.p. every other day), hydroxychloroquine (HCQ; 50mg/kg/
day i.p.), or the combination (AP-4-139B 10mg/kg every other day;
HCQ 50mg/kg/day). Analysis of tumor growth revealed significant
efficacy of AP-4-139B as a single agent against PK-8 tumors, while
treatment with HCQ had essentially no impact on tumor growth.
Notably, HCQ enhanced the efficacy of AP-4-139B in vivo, as
demonstrated by a significant decrease in tumor volume with the
combination therapy compared to AP-4-139B alone (Fig. 7E). This
combination appears to be well tolerated, as we did not observe
significant changes in the weights of these mice (Supplementary
Fig. 6E, F). Additionally, tumors harvested from mice treated with the
combination of AP-4-139B and HCQ were significantly smaller
compared to tumors from mice treated with either AP-4-139B or
HCQ alone (Fig. 7F, G). Collectively, our findings provide evidence that
concurrent inhibition of HSP70 and autophagy may represent a novel
therapeutic strategy to suppress the growth of PDAC.

DISCUSSION
Overexpression of HSP70 in tumor cells plays a cytoprotective role
against proteotoxic stress and subsequent apoptosis [17]. In this
study, we demonstrated that overexpression of HSP70 occurs in a
subset of human cancers compared to their normal tissue
counterparts using TCGA and other published datasets. Notably,
our analyses identified PDAC as the cancer type with the highest
ratio of HSP70 expression in tumor versus normal tissue. Beyond
its canonical role in regulating proteostasis, we found that HSP70
inhibition altered mitochondrial subcellular localization and
impaired mitochondrial motility in PDAC cells. Furthermore,
mitochondria are dynamic organelles that undergo constant
cycles of fission and fusion to maintain homeostasis, and this
process has been shown to be dysregulated in human tumors. We
found that HSP70 inhibition impaired mitochondrial dynamics and
caused significant changes in mitochondrial structure. Similar
results have been reported when treating KRAS mutant PDAC cells

Fig. 5 Single agent efficacy of AP-4-139B in PDAC cells and xenograft models. A Differential plots of HSPA1A between tumor and normal
tissues of TCGA patients represented as reads per kilobase million (RPKM; log2) values. P < 0.001 where indicated. B Association of HSPA1A
gene expression and tumor grade of pancreatic adenocarcinoma (PAAD; n= 171). ANOVA with post hoc Tukey pairwise comparison was used
to determine significance. p= 0.017. C Association of HSPA1A gene expression in metastatic pancreatic cancer as compared to primary
pancreatic tumors. ***p < 0.001. D PANC-1, Hs776, and BxPC-3 cells were treated with 10 µM of VER-155008, PET-16, or AP-4-139B for 48 h. Cells
were then subjected to viability assays using trypan blue exclusion. ***p < 0.001. n= 3 independent experiments. E PANC-1 cells were treated
with 10 µM of the indicated compounds and lysed at the indicated time points. Cell lysates were prepared for Western blot analysis and
immunoblots were probed for CLA, CC3, MRPS14 and GAPDH (control). F Control (sg-scrambled) and two independent clones of HSP70 KO
MIA PaCa-2 cells were treated with 1 µM AP-4-139B for 72 h and subjected to cell viability assays using Alamar Blue. Shown is a representative
graph with six technical replicates per experimental group. n= 2 independent experiments. ***p < 0.001. G PANC-1, MIA PaCa-2, and
Hs766T cells were treated with the respective GI50 values of AP-4-139B for the indicated time points. Cell lysates were subjected to Western
blot analysis and immunoblotted for NDUFA6, MRPS14, BAK, and GAPDH (loading control). H PANC-1 cells were injected subcutaneously into
the right flank of NSG mice. Once tumors reached an approximate volume of 75mm3, mice were separated randomly into two groups. Mice
were treated with either vehicle control or 10 mg/kg AP-4-139B every other day. Tumor volumes were measured over time using digital
calipers. n= 8 mice per group; ***p < 0.001. I Quantification of tumor volume (left) and tumor weight (right) at endpoint; **p < 0.01. J IHC
analysis of PANC-1 xenograft tumors treated with AP-4-139B. Shown are representative images (five random fields of view per condition) of
Ki67, Cleaved Lamin A, Cleaved Caspase 3, and CD31. n= 5 mice per group. Bar scale: 100 µm. K Quantification of (J); ***p < 0.001.
L Immunofluorescence analysis of PINK1 (green) was performed on PANC-1 xenograft tumors, counterstained with DAPI (blue). n= 3 mice per
group. Bar scale: 20 µm. M Quantification of (L). Each data point represents an individual tumor, for which an average of six random images
were taken and quantified. *p < 0.05.
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with ERK inhibitors [37]. This was due in part to a decrease in the
phosphorylation in DRP1 at serine 616, an event that is essential
for proper mitochondrial dynamics. These findings are consistent
with previous reports showing that DRP1 phosphorylation at
serine 616 is critical for KRAS driven tumor growth in a mouse

model of PDAC [25]. In addition to dynamics, mitochondrial
swelling is a key morphological feature observed during the
activation of the mitochondrial cell death program; however, the
mechanisms involved in the regulation of mitochondrial swelling
are not fully understood. We show for the first time that HSP70
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inhibition induced mitochondrial swelling in PDAC cells, support-
ing the premise that HSP70 inhibition can impair mitochondrial
function and subsequently promote mitochondrial-mediated
apoptosis.
While mitochondrial dynamics are typically viewed as antag-

onistic processes of fission and fusion events [51], recent studies
have shown that the E3 ubiquitin ligase Parkin can suppress
mitochondrial dynamics [52]. Functionally, re-introduction of
Parkin in Parkin-negative cancer cells reduced the rates of both
mitochondrial fusion and fission [52]. Herein, we demonstrate
similar results in PDAC cells treated with AP-4-139B. These findings
could be indicative of altered mitochondrial turnover, a process
defined by a balance between mitochondrial biogenesis and
mitophagy [53]. We envision at least two possibilities underlying
the role of HSP70 in this process. The first is that HSP70 inhibition
regulates mitochondrial dynamics in the absence of mitophagy. In
support of this hypothesis, Parkin-mediated mitochondrial
dynamics were shown to occur in a mitophagy independent
manner [52]. Secondly, we propose that HSP70 inhibition may
impact mitochondrial biogenesis. This may occur by regulating
the PINK1-mediated phosphorylation and subsequent proteaso-
mal degradation of the Parkin-interacting substrate PARIS, in turn
stimulating mitochondrial biogenesis via peroxisome proliferator-
activated receptor gamma coactivator-1 alpha (PGC-1α) [54].
These potential scenarios remain to be formally tested.
Clinical trials targeting heat shock proteins in cancer have

shown varying levels of success. Over the last several decades, an
abundance of HSP90 inhibitors have been discovered and entered
clinical trials. However, these have shown limited clinical benefit
due to drug resistance, dose-limiting toxicity, and poor pharma-
cokinetics [55, 56]. Given that HSP90 has been found to be
essential for viability in all tested eukaryotes [57, 58], the observed
gastrointestinal and liver toxicities are not surprising and have
made the advancement of HSP90 inhibitors somewhat challen-
ging. Unlike HSP90, HSP70 is not required for life and HSP70-
knockout mice are viable and fertile [59], suggesting that targeting
HSP70 in human cancers may show lower toxicity. In support of
this premise, the HSP70 inhibitor Minnelide has demonstrated
safety in Phase I trials and has advanced to Phase II in pancreatic
cancer [60]. While Minnelide has been shown to suppress HSP70
[61], it can also target other critical cancer drivers including MYC
[60]. These findings, along with other clinical trials using anti-
tumor therapies concurrently with inhibitors of HSPs [62], suggest
that tumor-specific combination strategies may significantly
enhance the efficacy of HSP70 inhibitors.

Human PDAC exhibits elevated levels of basal autophagy, and
recent reports have shown that suppression of RAS signaling in
PDAC elicits an increase in autophagic flux, which was thought to
serve as a protective mechanism for PDAC cells from RAS pathway
inhibition [37, 63]. Consistent with these findings, we observed a
similar phenotype when treating PDAC cells with the HSP70
inhibitor AP-4-139B, suggesting that PDAC cells may have an
intrinsic desire to induce autophagy across multiple different
classes of inhibitors. However, the respective contribution of
HSP70i-mediated chaperone inhibition and mitochondrial toxicity
to the induction of autophagy remains unclear and warrants
further investigation. We also found that combining HSP70
inhibition with the autophagy inhibitor HCQ led to a substantial
reduction in tumor growth in vivo. However, we must consider
that autophagic flux in PDAC does not only occur within tumor
cells, but also in cells within the PDAC TME. For example,
autophagy in macrophages and stroma-associated pancreatic
stellate cells (PSCs) plays a critical role in tumor maintenance
[64, 65]. However, the impact of HSP70 inhibition on autophagy
within the PDAC TME has not been investigated; we are currently
pursuing this avenue.
Overall, our findings represent a novel therapeutic vulnerability

in PDAC by targeting the mitochondrial fraction of HSP70. Unlike
normal cells and tissues, cancer cells (including PDAC) have a
significant fraction of the stress induced HSP70 that localizes to
the mitochondria. Consequently, it became evident that new
derivatives of HSP70 inhibitors for cancer therapy must consider
the mitochondrial fraction of HSP70. Our data herein support this
notion, in that AP-4-139B was markedly more cytotoxic against all
PDAC cell lines tested relative to other established HSP70
inhibitors, including those that do not efficiently target mitochon-
drial HSP70. Notably, AP-4-139B effectively killed PDAC cells
regardless of genotype or molecular phenotype and was
efficacious as a single agent in primary and metastatic models
of PDAC, without any apparent toxicity. Finally, our pre-clinical
data provide a powerful rationale for testing the concurrent
inhibition of HSP70 and autophagy in PDAC, and possibly other
tumor types where autophagy may serve to protect cancer cells
from cytotoxic therapy.

MATERIALS AND METHODS
Cell lines
PANC-1 and MIA PaCa-2 cell lines were a generous gift from Dr. Donna
George (University of Pennsylvania, Philadelphia, PA, USA). Murine PDAC

Fig. 6 Pharmacological inhibition of HSP70 increases autophagic flux in PDAC cells. A Four PDAC cell lines (TCC Pan-2, PK-8, MIA PaCa-2,
and PANC-1) were stably infected with a lentiviral vector encoding mCherry-EGFP-LC3B and then treated with the indicated doses of AP-4-
139B for 6 h followed by confocal microscopy of EGFP+ and mCherry+ punctae. Shown are representative confocal images of merged EGFP
and mCherry fluorescence that were used to quantify the autophagic index. Bar scale: 20 µm. B Quantification of (A). To quantify autophagic
flux, the area ratios of mCherry-positive punctae to GFP-positive punctae (autophagic index) were determined. Mean autophagic index is
plotted, with each individual data point representing one field of view (10 fields were analyzed per experimental group). n= 3 independent
experiments. *p < 0.05, **p < 0.01, ***p < 0.001. C PDAC cell lines were treated with the indicated doses of AP-4-139B, or “139B,” for 24 h to
assess autophagic flux. Immunoblot analysis of cell lysates were done to determine the levels of LC3B, phospho-Beclin-1 (S93), total Beclin-1,
and GAPDH (loading control). Data are representative of three independent experiments. D PDAC cell lines were pre-treated with 10 µM of the
autophagy inhibitor Chloroquine (CQ) overnight. The next morning, cells were treated with 2.5 µM AP-4-139B for 6 h, and then mean
autophagic index was determined as in (B). Data are representative of two independent experiments, with each individual data point
representing one field of view (9-10 fields were analyzed per experimental group). **p < 0.01, ***p < 0.001. E. TCC-Pan2 and PK-8 were treated
with 5 µM AP-4-139B for 24 h. Immunoblot analysis of cell lysates were performed to determine the levels of phospho-AMPK (T172), total
AMPK, and GAPDH (loading control). n= 2 independent experiments. F TCC-Pan2 and PK-8 stably expressing mCherry-EGFP-LC3B
were transfected with a pool of PRKAA1 siRNA. 48 h later, cells were treated with 2.5 µM AP-4-139B for 6 h followed by confocal microscopy of
EGFP+ and mCherry+ punctae. Shown are representative confocal images of merged EGFP and mCherry fluorescence that were used to
quantify the autophagic index. Bar scale: 20 µm. G, H. Quantification of (F) was performed as in (B), with each individual data point
representing one field of view (9-10 fields were analyzed per experimental group). n= 2 independent experiments. **p < 0.01, ***p < 0.001.
Shown to the right are Western blot analyses of AMPK and GAPDH (loading control). I, J. PK-8 and TCC-Pan2 cells were pre-treated with 10 µM
of the mitochondrial ROS scavenger Mito-TEMPO for 3 h, at which point cells were subsequently treated with 5 µM AP-4-139B for 24 h. Cell
lysates were subjected to Western blot analysis and probed for phospho-AMPK (T172), total AMPK, and GAPDH (loading control). Shown are
representative results of two independent experiments.
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cells (2838.c3 and 6419.c5) were provided by Dr. Ben Stanger (University of
Pennsylvania). Hs776T cells were provided by Dr. Rahul Shinde (The Wistar
Institute, Philadelphia, PA, USA). PK-8 cells were from the Riken Cell Bank,
and TCC-Pan2 cells were from the Japanese Collection of Research
Bioresources Cell Bank [66]. BxPC-3, AsPC-1, PSN-1, and hTERT-HPNE cells

were purchased from ATCC. Cells were grown in the media advised by
ATCC, supplemented with 10% FBS (Cytiva, HyClone Laboratories, Logan,
UT, USA), and 1% Gibco™ penicillin/streptomycin (15140-122; Thermo
Fisher Scientific, Waltham, MA, USA) in a 5% CO2 humidified incubator at
37 °C. PK-8 and TCC-Pan2 cells were grown in the absence of Pen/Strep.
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Hs766T cells were also supplemented with GibcoTM Insulin-Transferrin-
Selenium (41400-045; Thermo Fisher Scientific). Cell lines were authenti-
cated using short tandem repeat profiling and were tested for Mycoplasma
every 6 months.

Animal Studies
All studies were carried out in accordance with the recommendations in
the Guide for the Care and Use of Laboratory Animals of the NIH. All
protocols were approved by the Medical University of South Carolina
(MUSC) Institutional Animal Care and Use Committee. Mice were housed in
a temperature-controlled environment with ad libitum diet and maintained
with a 12-h dark/12-h light cycle. At the end of all mouse studies, mice
were euthanized, tissues were harvested and fixed in formalin for analysis.
Body weight was measured either every other day or three times per week,
and all mice were monitored daily for signs of pain or distress.

Statistical analysis and other methods
Unless otherwise stated, all experiments were carried out with a minimum
of three biological replicates (n= 3). All mouse experiments had n= 6–10
mice per experimental group. The log-rank test was used to analyze time-
to tumor growth data and survival data. The Student t test or Wilcoxon
rank-sum test was used for analyzing continuous variables. For in vitro
studies, the two-tailed unpaired Student t test was performed for two-
group comparisons. One-way ANOVA with either post hoc Holm-Šídák or
post hoc Dunnett’s multiple comparisons test was used for multi-group
comparisons. All in vitro data are reported as the mean ± standard
deviation, unless stated otherwise, and all in vivo data are reported as the
mean ± standard error. Statistical analyses were performed using Graph-
Pad Prism software. P values are as indicated: *p < 0.05, **p < 0.01,
***p < 0.001; n.s. not statistically significant.
All other methods, including antibodies and reagents, Western blotting,

generation of CRISPR knockout cell lines, immunohistochemistry (IHC), cell
viability, colony formation assays, synergy assays, immunofluorescence (IF),
co-immunoprecipitation (Co-IP), proximity ligation assays (PLA), plasmids,
siRNAs, transfections, autophagic flux assays, mitochondrial oxygen con-
sumption rates, mitochondrial depolarization assays, cortical mitochondria
analysis, time-lapse video-microscopy, ROS production, tumor cell migration,
motility, 2D chemotaxis, HSP70 gene expression analysis, and detailed
animal studies are provided in the Supplementary Materials and Methods.
The uncropped Western blots are provided in the Supplementary Materials.

DATA AVAILABILITY
All data needed to evaluate the conclusions on the manuscript are present in the
paper and/or the Supplementary Materials. Such data, code, and materials are
available to any researcher. TB is the corresponding author for this manuscript. AP-4-
139B could be provided by M. Murphy and/or J. Salvino from The Wistar Institute,
pending scientific review and a completed materials transfer agreement. Cell lines
generously provided by researchers listed in the Materials and Methods may be
contacted for such cell lines. Requests for these reagents should be submitted to
these investigators. The GSE71729 dataset was used in this manuscript. The code
generated to analyze TGCA PAAD data in Fig. 5B is available from the corresponding
author upon request.

REFERENCES
1. Jaattela M, Wissing D, Kokholm K, Kallunki T, Egeblad M. Hsp70 exerts its anti-

apoptotic function downstream of caspase-3-like proteases. EMBO J.
1998;17:6124–34. https://doi.org/10.1093/emboj/17.21.6124.

2. Murphy ME. The HSP70 family and cancer. Carcinogenesis. 2013;34:1181–8.
https://doi.org/10.1093/carcin/bgt111.

3. Leu JI, Barnoud T, Zhang G, Tian T, Wei Z, Herlyn M, et al. Inhibition of stress-
inducible HSP70 impairs mitochondrial proteostasis and function. Oncotarget.
2017;8:45656–69. https://doi.org/10.18632/oncotarget.17321.

4. Kumar S, Stokes J 3rd, Singh UP, Scissum Gunn K, Acharya A, Manne U, et al.
Targeting Hsp70: A possible therapy for cancer. Cancer Lett. 2016;374:156–66.
https://doi.org/10.1016/j.canlet.2016.01.056.

5. Daugaard M, Rohde M, Jaattela M. The heat shock protein 70 family: highly
homologous proteins with overlapping and distinct functions. FEBS Lett.
2007;581:3702–10. https://doi.org/10.1016/j.febslet.2007.05.039.

6. Assimon VA, Gillies AT, Rauch JN, Gestwicki JE. Hsp70 protein complexes as drug
targets. Curr Pharm Des. 2013;19:404–17. https://doi.org/10.2174/
138161213804143699.

7. Radons J. The human HSP70 family of chaperones: where do we stand? Cell
Stress Chaperones. 2016;21:379–404. https://doi.org/10.1007/s12192-016-0676-6.

8. Albakova, Z, Armeev, GA, Kanevskiy, LM, Kovalenko, EI & Sapozhnikov, AM. HSP70
multi-functionality in cancer. Cells. 2020;9. https://doi.org/10.3390/cells9030587.

9. Bray F, Laversanne M, Sung, H, Ferlay, J, Siegel, RL, Soerjomataram, I et al. Global
cancer statistics 2022: GLOBOCAN estimates of incidence and mortality world-
wide for 36 cancers in 185 countries. CA Cancer J Clin. 2024. https://doi.org/
10.3322/caac.21834.

10. Nakajima EC, Drezner N, Li X, Mishra-Kalyani PS, Liu Y, Zhao H, et al. FDA approval
summary: sotorasib for KRAS G12C-mutated metastatic NSCLC. Clin Cancer Res.
2022;28:1482–6. https://doi.org/10.1158/1078-0432.CCR-21-3074.

11. Strickler JH, Satake H, George TJ, Yaeger R, Hollebecque A, Garrido-Laguna I, et al.
Sotorasib in KRAS p.G12C-mutated advanced pancreatic cancer. N Engl J Med.
2023;388:33–43. https://doi.org/10.1056/NEJMoa2208470.

12. Infante JR, Somer BG, Park JO, Li CP, Scheulen ME, Kasubhai SM, et al. A ran-
domised, double-blind, placebo-controlled trial of trametinib, an oral MEK inhi-
bitor, in combination with gemcitabine for patients with untreated metastatic
adenocarcinoma of the pancreas. Eur J Cancer. 2014;50:2072–81. https://doi.org/
10.1016/j.ejca.2014.04.024.

13. Royal RE, Levy C, Turner K, Mathur A, Hughes M, Kammula US, et al. Phase 2 trial
of single agent Ipilimumab (anti-CTLA-4) for locally advanced or metastatic
pancreatic adenocarcinoma. J Immunother. 2010;33:828–33. https://doi.org/
10.1097/CJI.0b013e3181eec14c.

14. Wainberg ZA, Hochster HS, Kim EJ, George B, Kaylan A, Chiorean EG, et al. Open-
label, Phase I study of nivolumab combined with nab-paclitaxel plus gemcitabine
in advanced pancreatic cancer. Clin Cancer Res. 2020;26:4814–22. https://doi.org/
10.1158/1078-0432.CCR-20-0099.

15. O’Reilly EM, Oh DY, Dhani N, Renouf DJ, Lee MA, Sun W, et al. Durvalumab with or
without tremelimumab for patients with metastatic pancreatic ductal adeno-
carcinoma: a phase 2 randomized clinical trial. JAMA Oncol. 2019;5:1431–8.
https://doi.org/10.1001/jamaoncol.2019.1588.

16. Kashatus JA, Nascimento A, Myers LJ, Sher A, Byrne FL, Hoehn KL, et al. Erk2
phosphorylation of Drp1 promotes mitochondrial fission and MAPK-driven tumor
growth. Mol Cell. 2015;57:537–51. https://doi.org/10.1016/j.molcel.2015.01.002.

17. Barnoud T, Leung JC, Leu JI, Basu S, Poli ANR, Parris JLD, et al. A Novel Inhibitor of
HSP70 Induces Mitochondrial Toxicity and Immune Cell Recruitment in Tumors.
Cancer Res. 2020;80:5270–81. https://doi.org/10.1158/0008-5472.CAN-20-0397.

Fig. 7 Dual inhibition of HSP70 and autophagy synergistically impairs the progression of PDAC. A A panel (n= 4) of PDAC cell lines were
treated for 72 h with HSP70i (AP-4-139B) and the autophagy inhibitor CQ at the indicated concentrations. Cells were stained for viability with
Calcein and imaged via Celigo image cytometer. Cell numbers at endpoint were normalized to vehicle-treated control (100% growth) for each
cell line. Heatmaps representing BLISS independence scores corresponding using proliferation indices for each condition. Scores <1 indicate
synergy (red), score = 1 indicated additivity (white), and scores >1 indicate antagonism (blue). n= 3 independent experiments. B PDAC cells
(TCC Pan-2, PK-8, MIA PaCa-2) were treated with 5 µM AP-4-139B, 5 µM Chloroquine (CQ), or the combination of the two drugs for 48 h;
PANC-1 cells were treated with 7.5 µM of AP-4-139B (139B) and CQ. Lysates were extracted and analyzed for Cleaved PARP (Cl. PARP), Cleaved
Lamin A (CLA), and Cleaved Caspase 3 (CC3). GAPDH was used as a loading control. C, D PK-8 and MIA PaCa-2 cells were treated with the
indicated doses of AP-4-139B, CQ, or the combination of AP-4-139B and CQ and subjected to colony formation assays. Seven (MIA PaCa-2) to
fourteen (PK-8) days later, cells were fixed and stained with 0.1% Crystal Violet. Quantification of each assay is shown to the right of each
representative figure. Values shown represent n= 3 for each treatment group ± the SD. *p < 0.05, **p < 0.01, ***p < 0.001. E 5 × 106 PK-8 cells
were subcutaneously injected into the flanks of NSG mice (n= 7–9 mice per group). Once tumors reached a size of approximately 50 mm3,
mice were randomly assigned to each treatment group: Vehicle, AP-4-139B, Hydroxychloroquine (HCQ), or the combination (combo). Tumor
growth was measured using digital calipers. F Images of representative tumors from PK-8 xenograft treatment groups in (E). G Quantification
of PK-8 xenograft tumor weights at endpoint. P value is from two-sided, unpaired t-test comparing HSP70i treated to HSP70i plus HCQ treated
tumors. Data are shown as mean ± SEM; sample sizes are as in (E).

G.D.S. Ferretti et al.

894

Cell Death & Differentiation (2024) 31:881 – 896

https://doi.org/10.1093/emboj/17.21.6124
https://doi.org/10.1093/carcin/bgt111
https://doi.org/10.18632/oncotarget.17321
https://doi.org/10.1016/j.canlet.2016.01.056
https://doi.org/10.1016/j.febslet.2007.05.039
https://doi.org/10.2174/138161213804143699
https://doi.org/10.2174/138161213804143699
https://doi.org/10.1007/s12192-016-0676-6
https://doi.org/10.3390/cells9030587
https://doi.org/10.3322/caac.21834
https://doi.org/10.3322/caac.21834
https://doi.org/10.1158/1078-0432.CCR-21-3074
https://doi.org/10.1056/NEJMoa2208470
https://doi.org/10.1016/j.ejca.2014.04.024
https://doi.org/10.1016/j.ejca.2014.04.024
https://doi.org/10.1097/CJI.0b013e3181eec14c
https://doi.org/10.1097/CJI.0b013e3181eec14c
https://doi.org/10.1158/1078-0432.CCR-20-0099
https://doi.org/10.1158/1078-0432.CCR-20-0099
https://doi.org/10.1001/jamaoncol.2019.1588
https://doi.org/10.1016/j.molcel.2015.01.002
https://doi.org/10.1158/0008-5472.CAN-20-0397


18. Li X, Yu Y, Gorshkov B, Haigh S, Bordan Z, Weintraub D, et al. Hsp70 suppresses
mitochondrial reactive oxygen species and preserves pulmonary microvascular
barrier integrity following exposure to bacterial toxins. Front Immunol.
2018;9:1309. https://doi.org/10.3389/fimmu.2018.01309.

19. Sullivan LB, Chandel NS. Mitochondrial reactive oxygen species and cancer.
Cancer Metab. 2014;2:17. https://doi.org/10.1186/2049-3002-2-17.

20. Caino MC, Altieri DC. Cancer cells exploit adaptive mitochondrial dynamics to
increase tumor cell invasion. Cell Cycle. 2015;14:3242–7. https://doi.org/10.1080/
15384101.2015.1084448.

21. Bertolini I, Ghosh JC, Kossenkov AV, Mulugu S, Krishn SR, Vaira V, et al. Small
Extracellular Vesicle Regulation of Mitochondrial Dynamics Reprograms a
Hypoxic Tumor Microenvironment. Dev Cell. 2020;55:163–77. https://doi.org/
10.1016/j.devcel.2020.07.014.

22. Adebayo M, Singh S, Singh AP, Dasgupta S. Mitochondrial fusion and fission: the
fine-tune balance for cellular homeostasis. FASEB J. 2021;35:e21620. https://
doi.org/10.1096/fj.202100067R.

23. Rohani A, Kashatus JA, Sessions DT, Sharmin S, Kashatus DF. Mito Hacker: a set of
tools to enable high-throughput analysis of mitochondrial network morphology.
Sci Rep. 2020;10:18941. https://doi.org/10.1038/s41598-020-75899-5.

24. Javadov S, Chapa-Dubocq X, Makarov V. Different approaches to modeling
analysis of mitochondrial swelling. Mitochondrion. 2018;38:58–70. https://
doi.org/10.1016/j.mito.2017.08.004.

25. Nagdas S, Kashatus JA, Nascimento A, Hussain SS, Trainor RE, Pollock SR, et al.
Drp1 promotes KRas-driven metabolic changes to drive pancreatic tumor growth.
Cell Rep. 2019;28:1845–59. https://doi.org/10.1016/j.celrep.2019.07.031.

26. Yu M, Nguyen ND, Huang Y, Lin D, Fujimoto TN, Molkentine JM, et al. Mito-
chondrial fusion exploits a therapeutic vulnerability of pancreatic cancer. JCI
Insight. 2019;5. https://doi.org/10.1172/jci.insight.126915.

27. Rakovic A, Grunewald A, Voges L, Hofmann S, Orolicki S, Lohmann K, et al. PINK1-
interacting proteins: proteomic analysis of overexpressed PINK1. Parkinsons Dis.
2011;2011:153979. https://doi.org/10.4061/2011/153979.

28. Zheng Q, Huang C, Guo J, Tan J, Wang C, Tang B, et al. Hsp70 participates in
PINK1-mediated mitophagy by regulating the stability of PINK1. Neurosci Lett.
2018;662:264–70. https://doi.org/10.1016/j.neulet.2017.10.051.

29. Han H, Tan J, Wang R, Wan H, He Y, Yan X, et al. PINK1 phosphorylates Drp1(S616)
to regulate mitophagy-independent mitochondrial dynamics. EMBO Rep.
2020;21:e48686. https://doi.org/10.15252/embr.201948686.

30. Cha Y, Kim T, Jeon J, Jang Y, Kim PB, Lopes C, et al. SIRT2 regulates mitochondrial
dynamics and reprogramming via MEK1-ERK-DRP1 and AKT1-DRP1 axes. Cell
Rep. 2021;37:110155. https://doi.org/10.1016/j.celrep.2021.110155.

31. Taguchi N, Ishihara N, Jofuku A, Oka T, Mihara K. Mitotic phosphorylation of
dynamin-related GTPase Drp1 participates in mitochondrial fission. J Biol Chem.
2007;282:11521–9. https://doi.org/10.1074/jbc.M607279200.

32. Cho B, Cho HM, Kim HJ, Jeong J, Park SK, Hwang EM, et al. CDK5-dependent
inhibitory phosphorylation of Drp1 during neuronal maturation. Exp Mol Med.
2014;46:e105. https://doi.org/10.1038/emm.2014.36.

33. Yang K, Chen Z, Gao J, Shi W, Li L, Jiang S, et al. The key roles of GSK-3beta in
regulating mitochondrial activity. Cell Physiol Biochem. 2017;44:1445–59. https://
doi.org/10.1159/000485580.

34. Deas E, Plun-Favreau H, Gandhi S, Desmond H, Kjaer S, Loh SH, et al. PINK1
cleavage at position A103 by the mitochondrial protease PARL. Hum Mol Genet.
2011;20:867–79. https://doi.org/10.1093/hmg/ddq526.

35. Liu Y, Guardia-Laguarta C, Yin J, Erdjument-Bromage H, Martin B, James M, et al.
The ubiquitination of PINK1 is restricted to its mature 52-kDa Form. Cell Rep.
2017;20:30–9. https://doi.org/10.1016/j.celrep.2017.06.022.

36. Zhang Y, Xu Y, Lu W, Li J, Yu S, Brown EJ, et al. G6PD-mediated increase in de
novo NADP(+) biosynthesis promotes antioxidant defense and tumor metastasis.
Sci Adv. 2022;8:eabo0404. https://doi.org/10.1126/sciadv.abo0404.

37. Bryant KL, Stalnecker CA, Zeitouni D, Klomp JE, Peng S, Tikunov AP, et al. Com-
bination of ERK and autophagy inhibition as a treatment approach for pancreatic
cancer. Nat Med. 2019;25:628–40. https://doi.org/10.1038/s41591-019-0368-8.

38. Yang S, Wang X, Contino G, Liesa M, Sahin E, Ying H, et al. Pancreatic cancers
require autophagy for tumor growth. Genes Dev. 2011;25:717–29. https://doi.org/
10.1101/gad.2016111.

39. Yang A, Rajeshkumar NV, Wang X, Yabuuchi S, Alexander BM, Chu GC, et al.
Autophagy is critical for pancreatic tumor growth and progression in tumors with
p53 alterations. Cancer Discov. 2014;4:905–13. https://doi.org/10.1158/2159-
8290.CD-14-0362.

40. Guo JY, Chen HY, Mathew R, Fan J, Strohecker AM, Karsli-Uzunbas G, et al.
Activated Ras requires autophagy to maintain oxidative metabolism and
tumorigenesis. Genes Dev. 2011;25:460–70. https://doi.org/10.1101/gad.2016311.

41. Klionsky DJ, Abdel-Aziz AK, Abdelfatah S, Abdellatif M, Abdoli A, Abel S, et al. Guidelines
for the use and interpretation of assays for monitoring autophagy (4th edition)(1).
Autophagy. 2021;17:1–382. https://doi.org/10.1080/15548627.2020.1797280.

42. Kabeya Y, Mizushima N, Yamamoto A, Oshitani-Okamoto S, Ohsumi Y, Yoshimori
T. LC3, GABARAP and GATE16 localize to autophagosomal membrane depending
on form-II formation. J Cell Sci. 2004;117:2805–12. https://doi.org/10.1242/
jcs.01131.

43. White E. Exploiting the bad eating habits of Ras-driven cancers. Genes Dev.
2013;27:2065–71. https://doi.org/10.1101/gad.228122.113.

44. Garcia D, Shaw RJ. AMPK: mechanisms of cellular energy sensing and restoration
of metabolic balance. Mol Cell. 2017;66:789–800. https://doi.org/10.1016/
j.molcel.2017.05.032.

45. Kim J, Kim YC, Fang C, Russell RC, Kim JH, Fan W, et al. Differential regulation of
distinct Vps34 complexes by AMPK in nutrient stress and autophagy. Cell.
2013;152:290–303. https://doi.org/10.1016/j.cell.2012.12.016.

46. Rabinovitch RC, Samborska B, Faubert B, Ma EH, Gravel SP, Andrzejewski S, et al.
AMPK maintains cellular metabolic homeostasis through regulation of mito-
chondrial reactive oxygen species. Cell Rep. 2017;21:1–9. https://doi.org/10.1016/
j.celrep.2017.09.026.

47. Ni R, Cao T, Xiong S, Ma J, Fan GC, Lacefield JC, et al. Therapeutic inhibition of
mitochondrial reactive oxygen species with mito-TEMPO reduces diabetic car-
diomyopathy. Free Radic Biol Med. 2016;90:12–23. https://doi.org/10.1016/
j.freeradbiomed.2015.11.013.

48. Fedele, AO & Proud, CG Chloroquine and bafilomycin A mimic lysosomal storage
disorders and impair mTORC1 signalling. Biosci Rep. 2020;40. https://doi.org/
10.1042/BSR20200905.

49. Liu J, Xia H, Kim M, Xu L, Li Y, Zhang L, et al. Beclin1 controls the levels of p53 by
regulating the deubiquitination activity of USP10 and USP13. Cell.
2011;147:223–34. https://doi.org/10.1016/j.cell.2011.08.037.

50. Petherick KJ, Conway OJ, Mpamhanga C, Osborne SA, Kamal A, Saxty B, et al.
Pharmacological inhibition of ULK1 kinase blocks mammalian target of rapa-
mycin (mTOR)-dependent autophagy. J Biol Chem. 2015;290:11376–83. https://
doi.org/10.1074/jbc.C114.627778.

51. Chen W, Zhao H, Li Y. Mitochondrial dynamics in health and disease: mechanisms
and potential targets. Signal Transduct Target Ther. 2023;8:333. https://doi.org/
10.1038/s41392-023-01547-9.

52. Agarwal E, Goldman AR, Tang HY, Kossenkov AV, Ghosh JC, Languino LR, et al. A
cancer ubiquitome landscape identifies metabolic reprogramming as target of
Parkin tumor suppression. Sci Adv. 2021;7. https://doi.org/10.1126/
sciadv.abg7287.

53. Ma K, Chen G, Li W, Kepp O, Zhu Y, Chen Q. Mitophagy, mitochondrial home-
ostasis, and cell fate. Front Cell Dev Biol. 2020;8:467. https://doi.org/10.3389/
fcell.2020.00467.

54. Ge P, Dawson VL, Dawson TM. PINK1 and Parkin mitochondrial quality control: a
source of regional vulnerability in Parkinson’s disease. Mol Neurodegener.
2020;15:20. https://doi.org/10.1186/s13024-020-00367-7.

55. Li, ZN & Luo, Y HSP90 inhibitors and cancer: prospects for use in targeted
therapies (Review). Oncol Rep. 2023;49. https://doi.org/10.3892/or.2022.8443.

56. Kim YS, Alarcon SV, Lee S, Lee MJ, Giaccone G, Neckers L, et al. Update on Hsp90
inhibitors in clinical trial. Curr Top Med Chem. 2009;9:1479–92. https://doi.org/
10.2174/156802609789895728.

57. Grad I, Cederroth CR, Walicki J, Grey C, Barluenga S, Winssinger N, et al. The
molecular chaperone Hsp90alpha is required for meiotic progression of sper-
matocytes beyond pachytene in the mouse. PLoS ONE. 2010;5:e15770. https://
doi.org/10.1371/journal.pone.0015770.

58. Voss AK, Thomas T, Gruss P. Mice lacking HSP90beta fail to develop a placental
labyrinth. Development. 2000;127:1–11. https://doi.org/10.1242/dev.127.1.1.

59. Hunt CR, Dix DJ, Sharma GG, Pandita RK, Gupta A, Funk M, et al. Genomic
instability and enhanced radiosensitivity in Hsp70.1- and Hsp70.3-deficient mice.
Mol Cell Biol. 2004;24:899–911. https://doi.org/10.1128/MCB.24.2.899-911.2004.

60. Skorupan N, Ahmad MI, Steinberg SM, Trepel JB, Cridebring D, Han H, et al. A
phase II trial of the super-enhancer inhibitor Minnelide in advanced refractory
adenosquamous carcinoma of the pancreas. Future Oncol. 2022;18:2475–81.
https://doi.org/10.2217/fon-2021-1609.

61. Jacobson BA, Chen EZ, Tang S, Belgum HS, McCauley JA, Evenson KA, et al.
Triptolide and its prodrug minnelide suppress Hsp70 and inhibit in vivo growth
in a xenograft model of mesothelioma. Genes Cancer. 2015;6:144–52. https://
doi.org/10.18632/genesandcancer.55.

62. Shevtsov, M, Multhoff, G, Mikhaylova, E, Shibata, A, Guzhova, I & Margulis, B
Combination of Anti-Cancer Drugs with Molecular Chaperone Inhibitors. Int J Mol
Sci. 2019;20. https://doi.org/10.3390/ijms20215284.

63. Kinsey CG, Camolotto SA, Boespflug AM, Guillen KP, Foth M, Truong A, et al.
Protective autophagy elicited by RAF–>MEK–>ERK inhibition suggests a treat-
ment strategy for RAS-driven cancers. Nat Med. 2019;25:620–7. https://doi.org/
10.1038/s41591-019-0367-9.

64. Yang A, Herter-Sprie G, Zhang H, Lin EY, Biancur D, Wang X, et al. Autophagy
sustains pancreatic cancer growth through both cell-autonomous and

G.D.S. Ferretti et al.

895

Cell Death & Differentiation (2024) 31:881 – 896

https://doi.org/10.3389/fimmu.2018.01309
https://doi.org/10.1186/2049-3002-2-17
https://doi.org/10.1080/15384101.2015.1084448
https://doi.org/10.1080/15384101.2015.1084448
https://doi.org/10.1016/j.devcel.2020.07.014
https://doi.org/10.1016/j.devcel.2020.07.014
https://doi.org/10.1096/fj.202100067R
https://doi.org/10.1096/fj.202100067R
https://doi.org/10.1038/s41598-020-75899-5
https://doi.org/10.1016/j.mito.2017.08.004
https://doi.org/10.1016/j.mito.2017.08.004
https://doi.org/10.1016/j.celrep.2019.07.031
https://doi.org/10.1172/jci.insight.126915
https://doi.org/10.4061/2011/153979
https://doi.org/10.1016/j.neulet.2017.10.051
https://doi.org/10.15252/embr.201948686
https://doi.org/10.1016/j.celrep.2021.110155
https://doi.org/10.1074/jbc.M607279200
https://doi.org/10.1038/emm.2014.36
https://doi.org/10.1159/000485580
https://doi.org/10.1159/000485580
https://doi.org/10.1093/hmg/ddq526
https://doi.org/10.1016/j.celrep.2017.06.022
https://doi.org/10.1126/sciadv.abo0404
https://doi.org/10.1038/s41591-019-0368-8
https://doi.org/10.1101/gad.2016111
https://doi.org/10.1101/gad.2016111
https://doi.org/10.1158/2159-8290.CD-14-0362
https://doi.org/10.1158/2159-8290.CD-14-0362
https://doi.org/10.1101/gad.2016311
https://doi.org/10.1080/15548627.2020.1797280
https://doi.org/10.1242/jcs.01131
https://doi.org/10.1242/jcs.01131
https://doi.org/10.1101/gad.228122.113
https://doi.org/10.1016/j.molcel.2017.05.032
https://doi.org/10.1016/j.molcel.2017.05.032
https://doi.org/10.1016/j.cell.2012.12.016
https://doi.org/10.1016/j.celrep.2017.09.026
https://doi.org/10.1016/j.celrep.2017.09.026
https://doi.org/10.1016/j.freeradbiomed.2015.11.013
https://doi.org/10.1016/j.freeradbiomed.2015.11.013
https://doi.org/10.1042/BSR20200905
https://doi.org/10.1042/BSR20200905
https://doi.org/10.1016/j.cell.2011.08.037
https://doi.org/10.1074/jbc.C114.627778
https://doi.org/10.1074/jbc.C114.627778
https://doi.org/10.1038/s41392-023-01547-9
https://doi.org/10.1038/s41392-023-01547-9
https://doi.org/10.1126/sciadv.abg7287
https://doi.org/10.1126/sciadv.abg7287
https://doi.org/10.3389/fcell.2020.00467
https://doi.org/10.3389/fcell.2020.00467
https://doi.org/10.1186/s13024-020-00367-7
https://doi.org/10.3892/or.2022.8443
https://doi.org/10.2174/156802609789895728
https://doi.org/10.2174/156802609789895728
https://doi.org/10.1371/journal.pone.0015770
https://doi.org/10.1371/journal.pone.0015770
https://doi.org/10.1242/dev.127.1.1
https://doi.org/10.1128/MCB.24.2.899-911.2004
https://doi.org/10.2217/fon-2021-1609
https://doi.org/10.18632/genesandcancer.55
https://doi.org/10.18632/genesandcancer.55
https://doi.org/10.3390/ijms20215284
https://doi.org/10.1038/s41591-019-0367-9
https://doi.org/10.1038/s41591-019-0367-9


nonautonomous mechanisms. Cancer Discov. 2018;8:276–87. https://doi.org/
10.1158/2159-8290.CD-17-0952.

65. Sousa CM, Biancur DE, Wang X, Halbrook CJ, Sherman MH, Zhang L, et al. Pan-
creatic stellate cells support tumour metabolism through autophagic alanine
secretion. Nature. 2016;536:479–83. https://doi.org/10.1038/nature19084.

66. Hobbs GA, Baker NM, Miermont AM, Thurman RD, Pierobon M, Tran TH, et al.
Atypical KRAS(G12R) mutant is impaired in PI3K signaling and macropinocytosis
in pancreatic cancer. Cancer Discov. 2020;10:104–23. https://doi.org/10.1158/
2159-8290.CD-19-1006.

ACKNOWLEDGEMENTS
We are grateful to Dr. Maureen Murphy (The Wistar Institute) and members of the
Sahin laboratory (MUSC) for helpful discussions and thoughtful review of the
manuscript. The authors would like to acknowledge the Molecular Screening Core of
The Wistar Institute for the generation of AP-4-139B. The authors also acknowledge
the Imaging Facility at The Wistar Institute, particularly Fred Keeney. The authors
would like to thank the MUSC Bioenergetics Profiling Core, particularly Gyda Beeson,
for help with Seahorse analyses. We would like to thank the Genome Engineering &
Stem Cell Center (GESC@MGI) at the Washington University in St. Louis for the
generation of the MIA PaCa-2 HSP70 knockout cells. We are thankful to Brandi
Carreau, Laura Ciccarelli, and Emily Golba for assistance with some of the
experiments. Schematics were created in part using Bioicons.com. Portions of the
schematics were drawn using images from Servier Medical Art, licensed under a
Creative Commons Attribution 4.0 Unported License (https://creativecommons.org/
licenses/by/4.0/). No changes were made to any images.

AUTHOR CONTRIBUTIONS
G. Ferretti: Conceptualization, formal analysis, investigation, writing-original draft,
writing-review, and editing. C. Quaas: Formal analysis, investigation, writing-original
draft, writing-review, and editing. I. Bertolini: Conceptualization, investigation,
writing-original draft, writing-review, and editing. A. Zuccotti: Investigation and
formal analysis. O. Saatci: Investigation, formal analysis, writing-original draft, review,
and editing. J. Kashatus: Investigation and formal analysis. S. Sharmin: Investigation
and formal analysis. D.Y. Lu: Investigation, formal analysis, and writing-original draft.
A.N.R. Poli: Investigation. A. Quesnelle: Investigation and formal analysis. J. Rodriguez-
Blanco: Conceptualization, writing-original draft, review, and editing. A.A. De Cubas:
Conceptualization, review, and editing. G.A. Hobbs: Conceptualization, review, and
editing. Q. Liu: Formal analysis, review, and editing. J.P. O’Bryan: Conceptualization,
review, and editing. J.M. Salvino: Conceptualization, review, and editing. D.F.
Kashatus: Conceptualization, investigation, writing-original draft, writing-review,
and editing. O. Sahin: Conceptualization, writing-original draft, review, and editing.
T. Barnoud: Conceptualization, supervision, funding acquisition, validation, investiga-
tion, writing-original draft, project administration, writing-review, and editing.

FUNDING
TB was supported by NIH NCI R00 CA241367. Portions of the study were also
performed with support from the MUSC Digestive Disease Research Core Center (P30
DK123704) and the MUSC COBRE in Digestive and Liver Disease Animal Models Core
and the Imaging Core. Additional funding was awarded in the form of a pilot project
to TB from the MUSC COBRE in Digestive and Liver Disease (P20 GM130457). GDSF
was supported by the MUSC Hollings Cancer Center (MUSC) Postdoctoral Fellowship
Program and CEQ was supported by NIH NCI T32 CA193201. JR-B was supported by
NIH NINDS K01 NS119351, a Rally Foundation Career Development Award (20CDN46),
a V Foundation Scholar Award (V2022-008), and a Vince Lombardi Cancer Foundation
Grant. AAD was supported by NIH K01 CA245231 and ACS PF-1818301-TBG. GAH was
supported by a 2022 Pancreatic Cancer Action Network Career Development Award

in memory of Skip Viragh (22-20-HOBB), a 2022 Concern Foundation Career
Development Award, and by NIGMS P20 GM130457. JPO is supported in part by a
Merit Review Award (1I01BX002095) from the United States Department of Veterans
Affairs Biomedical Laboratory Research and Development Service and by NIH awards
(R01 CA212608, P30 CA138313, and P20 GM130457). JMS was supported by NIH
awards S10 OD030245 and P30 CA010815. DFK was supported by NIH 1U54
CA274499-01-9941. OS was supported, in part, by NIH R01 CA251374 and NIH R01
CA267101. Support for the MUSC Core Facilities used in this study was provided in
part by the MUSC Hollings Cancer Center Support Grant P30 CA138313, including
support by the Biorepository & Tissue Analysis Shared Resource and the Cell &
Molecular Imaging Shared Resource. The content is solely the responsibility of the
authors and does not necessarily represent the official views of the National Institutes
of Health, the U.S. Department of Veterans Affairs, not the United States government.
Open access funding provided by the Carolinas Consortium.

COMPETING INTERESTS
JMS owns equity in Alliance Discovery, Inc., Barer Institute, Context Therapeutics, and
consults for Syndeavor Therapeutics. OS is the co-founder of OncoCube Therapeutics
LLC, and the founder and president of LoxiGen, Inc. All other authors have no
competing interests.

ETHICS APPROVAL
No human subjects were used in this study. All animal studies were carried out in
accordance with the recommendations in the Guide for the Care and Use of
Laboratory Animals of the NIH. All protocols were approved by the Medical University
of South Carolina (MUSC) Institutional Animal Care and Use Committee (IACUC).

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41418-024-01310-9.

Correspondence and requests for materials should be addressed to Thibaut Barnoud.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

G.D.S. Ferretti et al.

896

Cell Death & Differentiation (2024) 31:881 – 896

https://doi.org/10.1158/2159-8290.CD-17-0952
https://doi.org/10.1158/2159-8290.CD-17-0952
https://doi.org/10.1038/nature19084
https://doi.org/10.1158/2159-8290.CD-19-1006
https://doi.org/10.1158/2159-8290.CD-19-1006
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/s41418-024-01310-9
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	HSP70-mediated mitochondrial dynamics and autophagy represent a novel vulnerability in pancreatic�cancer
	Introduction
	Results
	HSP70 inhibition impairs mitochondrial function in PDAC�cells
	HSP70 regulates mitochondrial subcellular localization and dynamics
	Ablation of HSP70�suppresses the PINK1-mediated phosphorylation of�DRP1
	HSP70 inhibition limits cancer cell migration in�vitro and metastasis in�vivo
	Single-agent efficacy of HSP70 inhibition in PDAC cells and xenograft�models
	Inhibition of HSP70 induces autophagic flux in pancreatic cancer�cells
	Concurrent inhibition of HSP70 and autophagy impairs the progression of�PDAC

	Discussion
	Materials and methods
	Cell�lines
	Animal Studies
	Statistical analysis and other methods

	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Ethics approval
	ADDITIONAL INFORMATION




