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Autophagy supports mitochondrial metabolism
through the regulation of iron homeostasis in
pancreatic cancer
Subhadip Mukhopadhyay1†, Joel Encarnación-Rosado1†, Elaine Y. Lin1, Albert S. W. Sohn1,
Huan Zhang2, Joseph D. Mancias2, Alec C. Kimmelman1*

Pancreatic ductal adenocarcinoma (PDAC) cells maintain a high level of autophagy, allowing them to thrive in an
austere microenvironment. However, the processes through which autophagy promotes PDAC growth and sur-
vival are still not fully understood. Here, we show that autophagy inhibition in PDAC alters mitochondrial func-
tion by losing succinate dehydrogenase complex iron sulfur subunit B expression by limiting the availability of
the labile iron pool. PDAC uses autophagy to maintain iron homeostasis, while other tumor types assessed
require macropinocytosis, with autophagy being dispensable. We observed that cancer-associated fibroblasts
can provide bioavailable iron to PDAC cells, promoting resistance to autophagy ablation. To overcome this cross-
talk, we used a low-iron diet and demonstrated that this augmented the response to autophagy inhibition
therapy in PDAC-bearing mice. Our work highlights a critical link between autophagy, iron metabolism, and
mitochondrial function that may have implications for PDAC progression.
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INTRODUCTION
Pancreatic ductal adenocarcinoma (PDAC), representingmore than
95% of pancreatic cancers, is highly resistant to therapy and has a
low 5-year survival rate (11%) for all stages of the disease combined
(1). By 2030, it is expected to account for the second highest number
of cancer-related deaths in the United States (1, 2). PDAC tumors
are characterized by a harsh tumor microenvironment (TME) that
is hypoperfused, altered in nutrient availability, and hypoxic. To
survive in this hostile TME, PDAC cells reprogram their metabolic
needs and rely on nutrient scavenging mechanisms such as macro-
autophagy (hereafter referred to as autophagy) and macropinocyto-
sis. More than a decade ago, we demonstrated that PDAC tumors
have high basal levels of autophagy and rely on this process to
survive and grow (3). Since then, our understanding of the role of
autophagy in PDAC has evolved substantially. Through different
models, we and others have identified the pleiotropic, tumor cell
intrinsic and extrinsic roles of autophagy in PDAC (4–6).
However, the molecular substrates that autophagy provides under
environmental stress are poorly understood. The use of hydroxy-
chloroquine (HCQ) to inhibit autophagy as a monotherapy to
target autophagy in PDAC has been tested, but the efficacy has
been limited. In contrast, combining chemotherapy with HCQ in
patients with PDAC has shown an improved response to therapy
(7). Therefore, dissecting the molecular substrates that autophagy
provides in the complex PDAC TME could have clinical ramifica-
tions by informing more effective therapeutic combinations.

Our previous research has demonstrated that ferritinophagy, a
type of selective autophagy, is critical for maintaining iron homeo-
stasis (8). In addition, some reports have shown a vital role of the

lysosome in maintaining iron homeostasis (9–11). Here, we provide
evidence that autophagy is essential to preserving the labile iron
pool (LIP) (Fe2+) in PDAC cells. Depletion of LIPs through autoph-
agy/lysosomal inhibition resulted in growth defects and mitochon-
drial dysfunction. We demonstrate that autophagy inhibition
reduces the assembly of iron-sulfur (Fe-S) clusters (ISCs) via ISC
assembly 1 (ISCA1). ISCs are inorganic cofactors necessary to sta-
bilize various proteins, including several involved in the electron
transfer chain, such as succinate dehydrogenase complex iron
sulfur subunit B (SDHB). The reduction of SDHB in PDAC cells
upon autophagy inhibition led to a decrease in mitochondrial res-
piration and a reorganization of cristae microarchitecture. Supple-
mentation of iron or ectopic expression of SDHB or ISCA1 was
sufficient to rescue growth and the mitochondria defects in the
setting of deficient autophagy. Last, we demonstrate that restoration
of iron homeostasis by tumor-stroma cross-talk is a critical resis-
tance mechanism of autophagy inhibition in PDAC and that iron
deprivation sensitizes PDAC tumors to autophagy/lysosomal inhi-
bition in syngeneic mouse models.

RESULTS
Autophagy inhibition decreases SDHB by limiting
bioavailable iron in PDAC
Wehave previously shown that loss of autophagy in PDAC leads to a
decrease in mitochondrial oxygen consumption rate (OCR) (3), but
the mechanism of this impairment remained unknown. Our prior
work also demonstrated that most amino acid pools were relatively
unaltered upon autophagy inhibition, with the exception of cyste-
ine, which decreased significantly (12). Supplementing PDAC cells
with cysteine could not rescue the OCR defect upon autophagy in-
hibition (fig. S1A) and, metabolic profiling did not demonstrate
global decreases in TCA metabolite pool sizes upon loss of autoph-
agy (fig. S1, B and C). Together, these data suggest that inhibition of
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autophagy was not limiting the necessary substrates to support the
TCA cycle but may more directly affect mitochondrial function.

Our prior work has shown that autophagy has a critical role in
iron homeostasis through a form of selective autophagy termed fer-
ritinophagy (8). We demonstrate that ferritinophagy represents the
major route for the maintenance of the bioavailable LIP in PDAC
(fig. S1, D and E). Given the importance of ISC proteins in mito-
chondrial function, we hypothesized that a drop in the LIP upon
autophagy inhibition was responsible for the decreased mitochon-
drial respiration. We found that genetic or pharmacological inhibi-
tion of autophagy led to a notable decrease in the LIP, which could
be restored upon ferric ammonium citrate (FAC) supplementation

(Fig. 1, A and B). Supplementation of FAC could also rescue the
drop in OCR observed in PDAC cells where autophagy was inhib-
ited through pharmacological or genetic means (Fig. 1C).

In addition, we observed that FAC could potently rescue the clo-
nogenic growth and proliferation in autophagy-inhibited cells
(Fig. 1, D and E). To further investigate the effect of autophagy in-
hibition on oxidative phosphorylation (OXPHOS), we assessed the
level of OXPHOS complexes (I to V) after autophagy inhibition.We
observed that, of five complexes, only complex II, specifically
SDHB, was reduced after the loss of autophagy in PDAC (Fig. 2,
A to C). Consistent with it being an Fe-S cluster protein, we
found that loss of cystine or chelation of iron abrogates SDHB ex-
pression (fig. S2A). As loss of autophagy in PDAC also leads to drop
in cysteine levels (12), we analyzed whether supplementation of N-
acetyl cysteine (NAC) in autophagy-inhibited cells could rescue
effects on SDHB expression. Intriguingly, we found that NAC
could not rescue the decrease in SDHB levels upon autophagy inhi-
bition (fig. S2B), while iron supplementation could significantly
restore SDHB levels. Together, this suggests that it is iron that is
rate-limiting. The biogenesis and turnover of SDHB involves Fe-S
cluster synthesis with a cascade of proteins acting as scaffolds. Anal-
ysis of Fe-S containing and Fe-S cluster proteins, including those in
both the mitochondrial and cytoplasmic compartments (fig. S3 and
table S1), demonstrated a relative selectivity of which were affected
by autophagy loss, with SDHB among the most down-regulated.
The decrease in SDHB upon autophagy inhibition corresponded
with an accumulation of succinate pool size, confirming functional
loss of the protein (Fig. 2D).

Loss of autophagy causes defects in mitochondrial
architecture
In line with our previous data (3), transmission electronmicroscopy
(TEM) analysis revealed that there is no alteration in mitochondrial
number after chloroquine (CQ) treatment (Fig. 3, A and B). Given
the known contribution of SDHB in controlling the mitochondrial
ultrastructure in pathological conditions like Carney triad syn-
drome (13), we investigated the mitochondrial architecture using
TEM of autophagy-deficient PDAC cells. Notably, we observed
that CQ treatment resulted in a significant reduction in mitochon-
drial crista lumen width and length (Fig. 3, C to F). This resulted in
an accumulation of large vacant spaces inside the mitochondria,
which are typical characteristics of impaired function (Fig. 3C).
Genetic inhibition of autophagy demonstrated similar findings
(Fig. 3, G to I). Autophagy inhibition in PDAC cells that ectopically
overexpressed SDHB not only prevented the marked fall in SDHB
levels (Fig. 4A) but also rescued the decrease in OCR (Fig. 4B).
Moreover, mitochondrial ultrastructure analysis revealed that
ectopic expression of SDHB in autophagy-inhibited cells could
restore the cristae microarchitecture (Fig. 4, C to E). SDHB overex-
pression also showed significant rescue in proliferation and OCR
upon autophagy inhibition (Fig. 4, F to H, and fig. S2C).

Autophagy sustains SDHB expression by regulating
ISCA1 levels
We next investigated the mechanism by which SDHB levels are reg-
ulated upon loss of autophagy in PDAC. In this regard, the ISCA1
protein is shown to play an important role in biogenesis of Fe-S pro-
teins like SDHB (14, 15). Loss of autophagy in PDAC showed a
strong reduction of ISCA1 that could be rescued by FAC

Fig. 1. Autophagy inhibition leads to a drop in the LIP in PDAC. (A) Autophagy
was inhibited genetically or pharmacologically in PDAC cells, and the relative LIP
was determined after cotreatment with FAC in 8988T cells. (B) Chloroquine (CQ)–
mediated drop in LIP was rescued by FAC in the indicated PDAC cell lines. (C) OCR
rescue after FAC cotreatment in CQ-treated or ATG5-knockdown PDAC cells. Heat-
maps showing clonogenic assays (D) in PDAC cells and relative proliferation in a
panel of PDAC cell lines after treatment with FAC in autophagy-inhibited cells. Data
are means ± SD, and P values were quantified using two-way analysis of variance
(ANOVA) with Sidak’s multiple comparison’s test (for A, B, D, and E) and one-way
ANOVA with Tukey’s post hoc test (for C). **P < 0.01, ***P < 0.001, and
****P < 0.0001 were considered as significant. The heatmaps (A, B, D, and E) as
well as OCR data of siATG5 panel (C) are representative of one experiment repeated
n = 3 (for heatmaps) and 2 (for OCR) times, respectively, while the OCR data of CQ
experiment panel in (C) are combined data from n = 3 experiments. Heatmaps are
indicating values in % by considering control as 100.
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supplementation (Fig. 5, A to C). Overexpression of ISCA1 in
PDAC cells restored SDHB levels and proliferation upon inhibition
of autophagy (Fig. 5, D to F). Mitochondrial ultrastructure studies
by TEM analysis revealed that ISCA1-overexpressing cells also
rescued the cristae ultrastructure (Fig. 6, A to C), as well as prevent-
ed a decrease in OCR and proliferation when autophagy was inhib-
ited in these cells (Fig. 6, D to G).

Autophagy maintains the LIP in PDAC
In addition to autophagy, PDAC cells are known to scavenge nutri-
ents using macropinocytosis (16). Because these two processes con-
verge at the lysosome, a critical hub for iron homeostasis (9), we
assessed the contributions of these different routes to the LIP in
multiple cell lines using various pharmacological and genetic
methods to inhibit autophagy and macropinocytosis respectively
(Fig. 7, A and B, and fig. S4A). Notably, we found that the contri-
bution of autophagy to the LIP was restricted to PDAC. In non-
PDAC cells, autophagy inhibition had minimal impact on the LIP
and SDHB levels (Fig. 7, A to C), while macropinocytosis was crit-
ical for LIP maintenance through regulation of the transferrin re-
ceptor (Fig. 7D). Conversely, neither autophagy nor
macropinocytosis inhibition significantly affected transferrin
uptake in PDAC (Fig. 7, D and E). Similar to PDAC cells
(Fig. 2A), lysosomal inhibition using CQ treatment in non-PDAC

cells caused a significant drop in SDHB (Fig. 7F). Moreover, lyso-
somal inhibition (by treatment with CQ or HCQ) affected the LIP
in both the PDAC and non-PDAC cells (Fig. 7G). This data collec-
tively indicate that the route of the iron reservoir acquisition might
differ between tumor types, but, ultimately, they use lysosome-me-
diated degradation to maintain the LIP.

CAFs support iron labile pool in autophagy-inhibited
PDAC cells
Despite the importance of autophagy in controlling iron availability
in PDAC, the response of patients to HCQ as a monotherapy in
clinical trials has been disappointing (17). To explore whether the
TME may contribute to this resistance, we investigated the effect of
LIP compensation by coculturing PDAC with cancer-associated fi-
broblasts (CAFs), which can make up a significant fraction of the
PDAC TME. We see that coculture of PDAC cells with CAFs signif-
icantly rescues the LIP upon autophagy inhibition (Fig. 8A). To un-
derstand the involvement of PDAC-CAF cross-talk to modulate the
LIP, we explored how coculture influenced the expression of key
iron transporters. We saw an increase in iron exporter ferroportin
[FPN; encoded by SLC40A1 gene; (18)] in CAFs, when they were
cocultured with autophagy-inhibited PDAC (Fig. 8B). In contrast,
there was no significant alteration of FPN levels in PDAC under co-
culture or monoculture conditions. Intriguingly, we observed that,

Fig. 2. Autophagy inhibition abrogates SDHB level in PDAC. Pharmacological (A) or genetic (B) inhibition of autophagy in PDAC cells was cotreated with FAC for
24 hours followed by immunoblots for the indicated proteins. SDHB is pointed out using a triangle. Similar to (A), other PDAC cell lines were used for analyzing SDHB level
in (C) followed by total ion counts of succinate in PDAC cells using liquid chromatography–mass spectrometry (n = 3 technical replicates) after autophagy inhibition (D).
Data are means ± SD, and P values were quantified using unpaired Student’s two tailed t test. *P < 0.05 and ***P < 0.001 were considered as significant.
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when CAFs are cocultured with autophagy-inhibited PDAC cells,
there was a rise in CAF ferritin levels (Fig. 8B). To identify the se-
creted factor that promoted increased CAF ferritin, we performed a
secretome analysis of autophagy-inhibited PDAC (Fig. 8, C and D).
We observed that autophagy-inhibited PDAC showed a significant
secretion of the interleukin-6 (IL-6) cytokine, which has been pre-
viously shown to increase ferritin levels (Fig. 8, C and D) (19, 20).
Under coculture conditions, we observed a rescue of SDHB level
and mitochondrial functioning under autophagy-inhibited condi-
tions (fig. S4, B and C). To confirm the importance of IL-6 in the
iron cross-talk between PDAC and CAFs, we used an IL-6 receptor
antagonist, tocilizumab, in coculture studies. We saw that tocilizu-
mab treatment prevented the LIP compensation in autophagy-in-
hibited PDAC in coculture (Fig. 9A). Tocilizumab treatment also
restored the antiproliferative effect of autophagy inhibition on

PDAC cells in the coculture system (Fig. 9B). Furthermore, IL-6
loss specifically in CAFs did not affect ferritin levels under coculture
conditions (fig. S4, D and E), confirming that the PDAC-secreted
IL-6 is the major contributor to increase of CAF ferritin in a para-
crine fashion.We confirmed the role of FPN in the iron secretion by
the CAFs using a clinically available FPN inhibitor, VIT 2763 [also
known as Vamifeport; (21, 22)]. VIT2763 prevented the LIP com-
pensation from CAFs in autophagy-inhibited PDAC under cocul-
ture conditions, leading to impaired PDAC proliferation (Fig. 9, C
and D).

Iron diet restriction synergizes with autophagy inhibition
to treat PDAC
To harness the iron-autophagy axis in vivo, we assessed whether au-
tophagy inhibition would cooperate with iron restriction in

Fig. 3. Loss of autophagy impairs mitochondrial microarchitecture in PDAC. (A) Representative TEM images of PDAC cells treated with PBS (Control) or CQ followed
by determining their (B) mitochondrial number per cell (Control, n = 14; CQ, n = 12 cells). (C) Amagnified section of a PDAC cell showingmitochondrial ultrastructure after
CQ treatment followed by quantification of (D) crista number per mitochondria (n = 17 unique crista for both Control and CQ), (E) crista lumen width (Control, n = 18; CQ,
n = 13 unique crista), and (F) crista length (n = 19 unique crista for both Control and CQ). (G) Representative TEM images of ATG5-knockdown PDAC cells with or without
FAC treatment were quantified for (H) crista length and (I) crista lumenwidth (siControl, n = 13; siATG5, n = 9; siATG5 + FAC, n = 11 unique crista). Black boxes were digitally
zoomed in to highlight the morphology of typical dysfunctional mitochondria. Random TEM image of mitochondria was blindly acquired and quantified. Data are
means ± SD, and P values were quantified using one-way ANOVAwith Tukey’s post hoc test. **P < 0.01, ***P < 0.001, and ****P < 0.0001 were considered as significant.
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inhibiting PDAC tumor growth. Our hypothesis was that decreasing
the overall bioavailable iron would impair compensatory responses,
such as the PDAC-CAF cross-talk. To this end, we systematically
reduced iron levels by exposing mice to a low-iron diet [4 to
6 parts per million (ppm)] in comparison to our standard diet’s
220-ppm iron level for at least 2 weeks before orthotopic transplan-
tation of PDAC cells expressing a doxycycline-inducible dominant
negative ATG4B (ATG4Bdn) or control vector (mST) into synge-
neic hosts. This level of iron in the diet did not significantly affect
hemoglobin levels (fig. S4E). Consistent with our previous findings,

autophagy inhibition significantly reduced tumor growth. The ad-
dition of a low-iron diet led to a further tumor growth reduction,
suggesting that iron deprivation sensitizes tumor cells to autophagy
inhibition (Fig. 10, A and B). Loss of autophagy and iron limiting
diet showed a significant drop in the bioavailable ferrous iron con-
centration in tumors (Fig. 10C) that led to a decline in SDHB ex-
pression (Fig. 10, D and E). To assess these findings in a more
clinically relevant setting, we tested the role of CQ, an inhibitor of
lysosomal acidification that has been used clinically to inhibit au-
tophagy, in a low-iron context in vivo. Consistent with it being a

Fig. 4. Ectopic SDHB rescues the mitochondrial dysfunction upon autophagy inhibition in PDAC. PDAC cells expressing SDHB and control vector were treated with
CQ followed by immunoblotting for the indicated proteins (A) and analyzed for (B) OCR (combined data from n = 2 experiments). (C) Representative TEM images of cells
are shown in situation similar to (A) followed by mitochondrial crista length (D; n = 18 unique cristae for all groups) and lumen width (E; n = 18 unique cristae for all
groups) determination. Red arrows in (C) indicate the typical dysfunctional mitochondria. ATG5 was suppressed in SDHB overexpression and control PDAC cells for
immunoblotting of indicated proteins (F). Under conditions similar to (F), cell proliferation (G; combined data of n = 5 experiment) and OCRwas determined (H; combined
data of n = 2 experiments). Data are means ± SD, and P values were quantified using one-way ANOVAwith Tukey’s post hoc test. *P < 0.05, **P < 0.01, ***P < 0.001, and
****P < 0.0001 were considered as significant.
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relatively weak autophagy inhibitor, CQ treatment failed to reduce
tumor growth in mice on the control diet. Notably, the combination
of CQ and an iron-restricted diet significantly reduced tumor
growth (Fig. 10, F and G), and these tumors showed a decrease in
the ferrous iron pool as well as decreased SDHB expression (Fig. 10,
H to F). In line with our previous findings (6), we observed that au-
tophagy inhibition increased T cell infiltration in the tumors;
however, this was not further enhanced by the low-iron diet (fig.
S5). In addition, the modulation of iron levels by autophagy does
not appear to involve ferroptosis (fig. S6, A to D). Together, these
data support a model where a low-iron diet cooperates with autoph-
agy inhibition by preventing microenvironmental compensation
and critically disrupting iron homeostasis in PDAC tumors.

DISCUSSION
Previously, we identified that PDAC tumors rely on autophagy to
grow and progress. Since then, our understanding of the role of au-
tophagy in PDAC has evolved substantially. However, there is
limited research to identify metabolic substrates that autophagy
provides in PDAC. Here, we demonstrated that autophagy is essen-
tial for maintaining iron homeostasis in PDAC cells to support the
mitochondrial function necessary for growth and proliferation.
Mechanistically, we showed that autophagy inhibition decreases
the LIP and the synthesis of Fe-S clusters via the assembly factor,
ISCA1, leading to a decrease in the ISC protein SDHB. Either sup-
plementation of iron or ectopic expression of ISCA1 or SDHB re-
stores mitochondria function and cellular growth.

In the past decade, we and others have elucidated multiple met-
abolic cross-talks between the tumor and stroma (23). For example,
we demonstrated that CAFs can secrete the amino acid alanine sup-
porting PDAC metabolism (5). However, little is known about the
role of CAFs in supporting PDAC growth in iron-deficient states.
We sought to dissect this connection in vitro using coculture
systems, and we found that autophagy impairment leads to IL-6

secretion from PDAC that promotes an increase in ferritin in
CAFs. Iron efflux from the CAFs is then increased via up-regulation
of the iron efflux protein FPN, leading to the restoration of the LIP
in PDAC cells. Pharmacological inhibition of FPN using VIT2763
or the use of antagonist of the IL-6 receptor, tocilizumab, reduced
PDAC cell proliferation in response to autophagy inhibition in the
coculture system by restricting the LIP. This observation is consis-
tent with other metabolic cross-talk programs that we have previ-
ously described (5, 24, 25), demonstrating the complex role of
tumor-stroma in PDAC. Lowering the systemic iron levels of
PDAC-bearing mice presumably disrupts this cross-talk by limiting
iron available to the CAFs and provides an explanation for the
robust combinatorial effects of autophagy inhibition with a low-
iron diet. Future studies will continue to explore how disruption
of iron metabolism in PDAC could affect its complex TME.

Consistent with previous work, we observed that lysosomal ho-
meostasis is essential to maintain iron homeostasis with disruption
of lysosomal acidification depleting the LIP in all cell types exam-
ined (9). Inhibition of the canonical autophagy pathway only affect-
ed PDAC cell lines, suggesting that their LIP are autophagy/ferritin-
dependent, consistent with prior reports (26). We have not yet de-
termined the mechanism of this difference between PDAC and
non-PDAC lines, but we hypothesize that the high basal levels of
autophagy or other unique biological aspects of PDAC may
promote this phenotype. Prior work has shown that the autopha-
gy-dependent secretion of IL-6 is important for invasion of Ras-
transformed cells (27). The increased IL-6 secretion in PDAC that
we observe in response to autophagy inhibition may be due to the
exquisite importance of autophagy in the maintenance of the LIP in
this tumor type. These results further underscore the importance of
fully dissecting this complex biology in tumor-specific systems.

Our research, along with two recent independent publications,
supports the notion that iron metabolism is crucial for the develop-
ment and progression of PDAC. Recently, it was demonstrated that
genetic deletion of Ncoa4, the selective autophagy receptor for

Fig. 5. Autophagy maintains SDHB expression by regulating ISCA1. PDAC cells were treated with CQ (A) or MRT-68921 (ULK inhibitor) (B), and the indicated proteins
were analyzed by immunoblotting. (C) ISCA1 levels were determined after FAC cotreatment of PDAC cells with siRNAs against LC3. Immunoblot for LC3 was done to
detect quality of knockdown as shown in the right panel. PDAC cells overexpressing ISCA1 or control vector were treated with CQ followed by immunoblotting for the
indicated proteins in (D) and (E) followed by analyzing their relative cell proliferation (F; combined data of n = 5 experiments). SDHB is indicated in (E) using a triangle.
Data are means ± SD, and P values were quantified using one-way ANOVA with Tukey’s post hoc test. ***P < 0.001 and ****P < 0.0001 were considered as significant.
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ferritinophagy, in the KPC model enhances survival (26). Ncoa4-
deficient cells showed a decrease in ISC and mitochondrial func-
tion. Conversely, overexpression of Ncoa4 in the KPCmodel result-
ed in an increase in tumor development and reduced the overall
survival compared to KPC mice. It was also demonstrated that in-
hibition of the RAS-MAPK pathway led to an increase in iron
supply mediated by ferritinophagy, supporting mitochondrial res-
piration and PDAC growth (28). They revealed that this survival
mechanism was coordinated at the transcriptional level by the mi-
crophthalmia/transcription factor E (MiT/TFE) factors.

Together, our work and these other studies support the model in
which the iron-autophagy/lysosome axis represents a metabolic
vulnerability in PDAC. Specifically, our study demonstrated the fea-
sibility of targeting this metabolic dependency in vivo and

mechanistically defined the distinct regulation of iron homeostasis
in different tumor types, which has implications for how one would
approach this therapeutically. We were able to exploit this depend-
ency by modulating the systematic levels of iron, resulting in higher
efficiency of autophagy and lysosomal inhibition. Although there
are not specific inhibitors of iron-autophagy axis yet, our in vivo
results suggest that perhaps the combination of autophagy/lyso-
somal inhibitors with dietary modulation of iron levels could be a
promising initial step to improve the pharmacological profile of
HCQ/CQ in the clinic. Ultimately, it will be critical to use these
mechanistic findings to design approaches to target iron metabo-
lism in PDAC, without compromising the role of iron in tissue
and cellular homeostasis.

Fig. 6. ISCA1 overexpression rescues the mitochondrial architecture changes after autophagy inhibition. (A) Representative TEM images of PDAC cells overex-
pressing ISCA1 or control vector after CQ treatment was done followed by analysis of mitochondrial crista length (B) and lumen width (C) from n = 12 unique cristae for all
groups. Red arrows in (A) indicate the typical dysfunctionalmitochondria. (D) Effect of ISCA1 expression on the OCRwas estimated after CQ treatment (representative data
from one experiment that was repeated n = 2 times). (E) ATG5 was suppressed in cells bearing ISCA1 overexpression, and the level of indicated proteins was measured by
immunoblotting, followed by measurement of relative cell proliferation (F; combined data of n = 5 experiments) and OCR (G; representative data of one experiment that
was repeated n = 2 times). Data aremeans ± SD, and P values were quantified using one-way ANOVAwith Tukey’s post hoc test. **P < 0.01, ***P < 0.001, and ****P < 0.0001
*P < 0.05 were considered as significant.
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MATERIALS AND METHODS
Cell culture
PaTu-8988T and PaTu-8902 cell lines were obtained from Leibniz
Institute DSMZ-German Collection of Microorganisms and Cell
Cultures GmbH, while the rest were from American Type Culture
Collection. Murine PDAC cell line HY19636 was established as pre-
viously described (6). All cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM; Fisher, MT10017CV) supplemented with

10% fetal bovine serum containing 1% penicillin/streptomycin an-
tibiotic (Life Technologies, 15140163) and incubated in a humidi-
fied chamber supplied with 5% CO2. Unless and until mentioned in
the figures, PDAC refers to 8988T cells. Cell lines were regularly in-
spected for mycoplasma contamination by polymerase chain reac-
tion (PCR) and authenticated by fingerprinting.

Fig. 7. LIP in PDAC is regulated by autophagy level. (A) Heatmap showing the relative LIP after inhibiting autophagy or macropinocytosis using pharmacological
agents in different cell lines. (B) Genetic inhibition of autophagy andmacropinocytosis in indicated cell lines tomeasure the LIP. (C) Non-PDAC cells were cotreatedwith or
without an autophagy inhibitor along with FAC, and indicated proteins were immunoblotted. (D) Transferrin receptor was measured after inhibition of autophagy, ly-
sosome, or macropinocytosis in different cell lines. (E) Transferrin uptakewasmeasured in PDAC cells after the loss of autophagy or macropinocytosis (representative data
from one experiment that was repeated n = 3 times). (F) Non-PDAC cancer cells were treated with CQ or cotreated with CQ and FAC and analyzed for the indicated
proteins. SDHB is indicated in (F) using a triangle. (G) Different cell lines were treated with CQ and HCQ, and the relative LIP was determined and expressed as a heatmap.
All indicated heatmaps show representative data of one experiment repeated n = 3 independent times. Heatmaps are indicating values in % by considering control as
100. Data are means ± SD, and P values were quantified using one-way ANOVA with Tukey’s post hoc test. ****P < 0.0001 was considered as significant. P > 0.05 were
considered as ns.

Mukhopadhyay et al., Sci. Adv. 9, eadf9284 (2023) 19 April 2023 8 of 14

SC I ENCE ADVANCES | R E S EARCH ART I C L E



Clonogenic and cell proliferation assay
Clonogenic and cell proliferation assay experiments were done fol-
lowing the previously reported methods published in (12).

Chemicals
N-acetyl-L-cysteine (5 mM; Sigma-Aldrich, A9165), methylthiazo-
lyldiphenyl-tetrazolium bromide (Sigma-Aldrich, M5655), CQ (25
μM, unless otherwise mentioned; Sigma-Aldrich, C6628), deferox-
amine mesylate salt (100 μM; Sigma-Aldrich, D9533), ferric ammo-
nium citrate (FAC; 200 μM; Fisher Scientific, I72-500), SBI-0206965
(10 μM; Sigma-Aldrich, SML1540-5MG), MRT68921 dihydro-
chloride (10 μM; Sigma-Aldrich, SML1644-5MG), HCQ sulfate
(10 μM; Sigma-Aldrich, H0915), Vps34-IN1 (10 μM; Cayman
Chemicals, 17392), 5-[N-ethyl-N-isopropyl] amiloride (10 μM;
Cayman Chemicals, 14406), ferrostatin-1 (20 μM; Cayman Chemi-
cals, 17729), and liproxstatin-1 (14 μM; Cayman Chemicals, 17730).

Western blotting and antibodies
For all Western blot analysis, lysates were prepared using the Cell
Lysis Buffer (1×, Cell Signaling Technology: 9803) supplemented
with protease inhibitor (Thermo, A32953) and phosphatase inhib-
itor (PhosSTOP; Sigma-Aldrich, 04906837001), and the Western
blotting was done as previously described (6). The following anti-
bodies were used: Total OXPHOS Rodent WB Antibody Cocktail
(Abcam, ab110413), ATG5 (Novus Biologicals, NB110-53818), β-
actin (Sigma-Aldrich, A5441), LC3B (Novus Biologicals, NB100-
220), P62/SQSTM1 (Abnova, H00008878-M01), SDHB
(21A11AE7; Abcam, ab14714), SDHA (D6J9M) XP Rabbit mAb
(Cell Signaling Technology, 11998 T), SDHC (Proteintech, 14575-
1-AP), SDHD (Sigma-Aldrich, SAB3500797), ISCA1/HBLD2
(1A11) (Novus Biologicals, H00081689-M02), ferritin (Abcam,
ab75973), transferrin receptor (Abcam, ab84036), FPN/SLC40A1
(Novus Biologicals, NBP1-21502), VDAC1/porin (Abcam,

Fig. 8. CAFs compensate for the LIP deficit in autophagy-inhibited PDAC. (A) PDAC cells transfected with siRNAs against ATG5 were cocultured with CAFs followed by
quantification of LIP in PDAC. (B) Mono- or cocultured PDAC and CAFs under conditions similar to (A) and assessed for the indicated proteins by immunoblotting. (C) Cell
culture supernatants of PDAC cells treated with CQ or expressing siATG5 were analyzed using the proteome profiler human cytokine array kit (combined data from n = 2
repeats), and the change in cytokine pixel intensity was quantified in (D). (E) Under conditions similar to (C), IL-6 was quantified by enzyme-linked immunosorbent assay
(representative data from one experiment repeated n = 3 times). Data are means ± SD. For (A), (E), and (D), P values were quantified using one-way (Tukey’s post hoc test)
and two-way ANOVA (Holm Sidak’s test), respectively. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 were considered as significant.
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ab15895), CIAPIN1 (Proteintech, 12638-1-AP), NUBP1 (Protein-
tech, 18011-1-AP), PTGS2 (Proteintech, 12375-1-AP), IL-6 (Pro-
teintech, 21865-1-AP), GPx4 (Abcam, ab125066), and Na,K–
adenosine triphosphatase (Cell Signaling Technology, 3010S).
Bands from Western blots in Fig. 10 were quantified using ImageJ
[National Institutes of Health (NIH), Bethesda, MD, USA].

Cytokine assays
After autophagy/lysosome inhibition, cell culture supernatant was
analyzed using the Proteome Profiler Human Cytokine Array Kit
(Bio-Techne, ARY005B), and the array spots were quantified
using ImageJ (NIH, Bethesda, MD, USA) software after subtracting
the background signal. The Human IL-6 ELISA Kit (ab178013)
from Abcam was used to estimate the IL-6 level in cell culture su-
pernatants using the manufacturer’s protocol.

Quantification of LIP
Bioavailable LIP was quantified using FerroOrange dye (Dojindo,
F374-12) that is highly selective for intracellular Fe2+ detection as
previously reported by Weber et al. (9). Briefly, cells were seeded
in black frame glass bottom plate with high performance #1.5
cover glass (Cellvis, CA, USA). After experimental treatment, cells

were incubated with 1 μM FerroOrange dye in Hanks’ balanced salt
solution (HBSS) and incubated as per (9). The fluorescent intensity
of the cells reflecting the LIP was quantified by measuring the fluo-
rescent signal at excitation wavelength (λex) of 543 nm and emis-
sion wavelength (λem) of 580 nm as per the manufacturer
recommendation using a SpectraMax M5 plate reader (Molecular
Devices) and normalized to the cell count.

In vivo ferrous concentration assay
Ferrous concentration was determined from tumor specimens of
indicated groups using the manufacturer’s protocols of the Iron
Assay Kit (Sigma-Aldrich, MAK025), which was previously report-
ed in (26).

Plate reader assay of fluorescent dextran retention
We adapted the protocol from Sutton et al. (29). A total of 5000 cells
bearing different experimental treatments were seeded in black 96-
well plates. Cells were treated with Tetramethylrhodamine (TMR)-
dextran (1mg/ml, 30min; Thermo Fisher, D1819) followed by three
times washing with phosphate-buffered saline (PBS), and then, the
fluorescent signal was quantified by measuring the signal λex of 550

Fig. 9. CAFs use FPN-ferritin axis to rescue drop in LIP of autophagy impaired PDAC. PDAC cells bearing siATG5 or siControl were cocultured with CAFs and treated
with tocilizumab or VIT2763 followed by determination of the relative LIP and cell proliferation (A and B for tocilizumab; C and D for VIT2763), respectively. (A to D)
Representative data from one experiment repeated n = 3 times. Data are means ± SD, and P values were quantified using one-way ANOVA with Tukey’s post hoc test.
*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 were considered as significant.
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Fig. 10. Combination of iron restricted diet and autophagy inhibition provides a therapeutic benefit in PDAC. (A) Murine PDAC cells (HY19636) bearing intact
autophagy (mSt) or inhibited autophagy (4B) were orthotopically implanted in syngeneicmice fedwith doxycycline (625mg/kg) diet containing control (220 ppm) or low
iron (4 to 6 ppm). Micewere euthanized after 24 days of implantation, and tumor images are shown (A; n = 10, 9, 10, and 10 from top to bottom) alongwith tumor weights
(B). (C) The ferrous concentration of different tumors indicated in (A) was analyzed from three randomly selected tumors of each group. (D) SDHB expression levels were
determined by performing immunoblot analysis on these tumors, and their relative quantification was performed (E). B6 mice bearing syngeneic PDAC cells were treated
with CQ or PBS, fed with control or low-iron diet, and were euthanized 24 days after implantation. Tumor images are shown (F; n = 12, 10, 12, and 12 from top to bottom)
along with tumor weights (G). (H) Ferrous concentration in tumors of the indicated groups was determined (n = 3). (I) SDHB expression level was assessed by immu-
noblotting on these tumors, and their relative quantification was performed (J) (n = 3). Data are means ± SD, and P values were quantified using one-way ANOVA with
Tukey’s post hoc test. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 were considered as significant.
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nm and λem of 580 nm using a SpectraMax M5 plate reader (Mo-
lecular Devices) and normalized to the cell count.

Transferrin uptake
PDAC cells under different experimental conditions were analyzed
for transferrin uptake as previously reported (12).

RNA interference and plasmids
Lentiviral-based short hairpin–mediated RNA target sequences are
as follows: shATG5#1: 5′-CCTGAACAGAATCATCCTTAA-3′-
(TRCN0000330394); shATG5#2: 5′-CCTGAACAGAATCATCCT
TAA-3′-(TRCN0000151963); and shGFP: 5′-TGCCCGACAAC
CACTACCTGA-3′-(TRCN0000072186). Small interfering RNA
(siRNA) pools against ATG5 (sc-41445), LC3 (sc-43390), FTH
(sc-40575), FTL (sc-40577), NCOA4 (sc-29719), SLC4A7 (sc-
77885), and IL-6 (sc-39627) were purchased from Santa Cruz Bio-
technology Inc., along with control siRNA (sc-37007), which con-
sisted of a scrambled sequence. Quantitative reverse transcription
PCR was followed as previously reported in (6). mRNA abundance
was quantified by ΔCtmethod and normalized to glyceraldehyde-3-
phosphate dehydrogenase (GAPDH). Sequences for quantitative
PCR primers are as follows: GAPDH: forward 5′ to 3′ (GTCTCC
TCTGACTTCAACAGCG) and reverse 3′ to 5′ (ACCACCCTGTT
GCTGTAGCCAA); ATG5: forward (AAAGATGTGCTTCGAGA
TGTGT) and reverse (CACTTTGTCAGTTACCAACGTCA);
FTH: forward (TGAAGCTGCAGAACCAACGAGG) and reverse
(GCACACTCCATTGCATTCAGCC); FTL: forward (CAGCCTG
GTCAATTTGTACCT) and reverse (GCCAATTCGCGGAAGAA
GTG); NCOA4: forward (GCTTGCTATTGGTGGAGTTCTCC)
and reverse (GCACACTCCATTGCATTCAGCC); SLC4A7:
forward (CCAGTCGGATTCCTCTTGTTCG) and reverse (CAGA
CCTGTTCGCAAAGAGTGG).

Plasmids expressing SDHB (HsCD00954622) and the corre-
sponding vector backbone (no. #40125) were obtained from
DNASU plasmid repository and Addgene, respectively. Open
reading frame expression clone for ISCA1 (NM_030940.3) (EX-
T7718-Lv242-B) along with control vector (EX-EGFP-Lv242-B)
was obtained from GeneCopoeia. pINDUCER20-mStrawberry
(no. 161734) and pINDUCER20-mStrawberry-Atg4BC74A (no.
161735) plasmids were obtained from Addgene.

Transmission electron microscopy
PaTu-8988T cells undergoing indicated experiments were fixed
using 0.1 M sodium cacodylate buffer (pH 7.4) comprising 2.5%
glutaraldehyde and 2% paraformaldehyde for overnight at 4°C. Fol-
lowing this, postfixation was carried out using 1% osmium tetroxide
and 1% potassium ferrocyanide for 1 hour at 4°C after which block
staining was performed in 0.25% aqueous uranyl acetate for over-
night at 4°C. The samples were processed following a standard
manner and embedded in EMbed 812 (ElectronMicroscopy Scienc-
es, Hatfield, PA, USA). After cutting the samples into ultrathin sec-
tions (70 nm), they were mounted on copper grids followed by
staining with uranyl acetate and lead citrate. A total of 20 to 25
cells from each of the samples were randomly selected for
imaging under the Talos L120C Transmission Electron Microscope
(Thermo Fisher Scientific, Hillsboro, OR, USA) with Gatan 4k × 4k
OneView Camera (Gatan Inc. Pleasanton, CA, USA). High-resolu-
tion ultrastructure images of mitochondria were captured, and the
single cristae length and lumen width of different mitochondria

were analyzed from different field of view for indicated number
of sample sizes. Image acquisition was done in a blinded manner,
and the data quantification was obtained from random mitochon-
dria. Quantification of TEM data, image processing, and analysis
was done using ImageJ (NIH, Bethesda, MD, USA) following
(30, 31).

Metabolomic analysis
For metabolomics studies, PDAC cells were transfected with
siRNAs (siControl or siATG5) for 72 hours prior the assay or
treated with CQ (20 μM) for 24 hours. Cells were plated in a six-
well plate at 2.0 × 105 cells per well and allowed to attach overnight
in DMEM. Next, cells were washed with PBS twice and cultured for
24 hours in DMEM supplemented with 10% dialyzed serum. Me-
tabolites were collected by using the extraction buffer that consists
of 80% methanol with 500 nM from the amino acid mix standard
(Cambridge Isotope Laboratories). Samples were subsequently pro-
cessed by the Metabolomics Core Research Lab at NYU Langone
Health as described by Parker et al. (32). The data were normalized
to internal standards and cell number, and the instrument was as-
sessed for performance.

Oxygen consumption rate
Basal OCR was measured using a Seahorse XFe96 analyzer
(Agilent). PDAC lines were plated at 10,000 to 20,000 cells per
well depending on the growth kinetics of the line in either standard
DMEM or with CQ (20 μM), doxycycline (1 μg/ml), and FAC (150
μM) 24 hours prior the assay. Before the assay, medium was
removed and replace with XF assay medium (25 mM glucose, 4
mM of glutamine, no sodium bicarbonate, and 5 mM Hepes), the
plate was incubated for ~45 min at 37°C in a non-CO2 incubator
(Thermo Fisher Scientific). Medium was changed a second time
before the beginning of the assay, and drug treatments were main-
tained in the XF assay medium throughout the experiment. Follow-
ing the experiment, cells were normalized to protein quantification
using the DC Protein Assay Kit (Bio-Rad). At least two independent
experiments were performed for all conditions, and data from 6 to
12 technical replicate wells for each independent experiment were
averaged. Data were plotted relative to the untreated/control condi-
tion of each independent group.

Orthotopic xenograft experiments
Orthotopic injections of PDAC cells were conducted as previously
described (6). Briefly, mice were anesthetized with ketamine (100
mg/kg) and xylazine (10 mg/kg) before surgery. An incision was
made in proximity to the spleen, and the pancreas was carefully ex-
ternalized. Cells were resuspended in 20 μl of a solution composed
of HBSS and matrigel (Corning, 356231) at a one-to-one ratio and
injected into the tail of the pancreas with insulin syringes (29-gauge
needle; BD, 324702). For all the in vivo experiments, approximately
7000 cells were injected unless indicated otherwise. HY19636 were
infected either with pINDUCER20-mStrawberry (referred as mSt in
the figures; Addgene, no. 161734) or pINDUCER20-mStrawberry-
Atg4BC74A (referred as 4B, Addgene, no. 161735) as previously de-
scribed (6). After surgery, the incision was closed using a 3-0 vicryl
violet suture (Ethicon, J311H) and using the BD AutoClip Wound
Closing System (BD). Mice were treated with buprenex every 12
hours after surgery for 48 hours. Animals were allowed to recover
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from surgery for at least 5 days before starting the experimen-
tal process.

To systematically reduce iron levels, animals were exposed to an
iron-deficient diet (4 to 6 ppm; Envigo, TD.99397) for at least 2
weeks prior surgery. For the regular mouse diet, we used food
pellet from Lab Serv (PicoLab Rodent diet 20, catalog no. 5053;
220-ppm iron). After surgery, animals were randomized into
control diet (doxycycline at 625 mg/kg with 220-ppm iron;
TD.01306) or iron deficient with doxycycline (Envigo,
TD.210813). For CQ experiments, mice were treated daily intraper-
itoneally with CQ (60 mg/kg) or vehicle (PBS). Treatment started 5
days after surgery as previously described. Tumor weight measured
was at the endpoint after they were euthanized, and tumor was har-
vested for further analysis.

All animal studies were approved by the NYU Langone Health
Institutional Animal Care and Use Committee, protocol no. A16-
00507. Female mice B6J (Charles River, C57BL/6J) used in this
study were 8 to 10 weeks old and not involved in previous proce-
dures. All mice were maintained in the animal facility of the
New York University Grossman School of Medicine.

Statistical analysis
Representation of statistics for all experimental data with sample
size and type of analysis is indicated in individual figure legends.
P < 0.05 was considered the level of significance when comparing
the values of experimental groups in comparison to respective con-
trols. All analysis was carried out using GraphPad 7. Every experi-
ment was repeated multiple times with biological replicates, and
attempts at replication of presented data were successful. For in
vivo experiments, the groups were randomly assigned in a blinded
manner, and all mice enrolled onto a study were included.
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