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Abstract

Autophagy is a conserved metabolic pathway that is central to many diseases. Recently, there 

has been a lot of interest in targeting autophagy with small molecule inhibitors as a possible 

therapeutic strategy. However, many of the compounds used for autophagy are non-selective. Here, 

we explored the inhibition of autophagy in pancreatic cancer cells using established selective 

small molecule inhibitors and discovered an unexpected link between the autophagy pathway and 

progression through the cell cycle. Our findings revealed that treatments with inhibitors that have 

different autophagy pathway targets block cell replication and activate other metabolic pathways 

to compensate for the blockade in autophagy. An unbiased screen looking for known drugs 

that might synergize with autophagy inhibition revealed new combination treatments that might 

provide a blueprint for therapeutic approaches to pancreatic cancer. The drugs quizartinib and 

THZ1 showed a strong synergistic effect in pancreatic cells with autophagy inhibition.
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Introduction

Pancreatic cancer is the most lethal form of cancer in the United States with poor treatment 

options.1 While great progress has been made in treating several cancers through strategies 

like the targeting of oncogenic kinases, outcomes of pancreatic cancer treatment have not 

seen any real improvement. In part, this is due to the fact that the driving oncogene in 

pancreatic ductal adenocarcinoma (PDAC, the predominant form of the disease) is KRAS, 

which was thought to be undruggable, except for the G12C mutation that has recently 

been successfully targeted.2 Therefore, additional approaches are needed to find new 

vulnerabilities and develop novel therapeutic strategies. One key characteristic of cancer 

that has not been readily exploited is the altered metabolic state of tumors.3–5 For over 

80 years, it has been known that tumor cells consume massive amounts of glucose to 

undergo glycolysis to produce lactate rather than undergo oxidative phosphorylation.6 A 

consequence of these metabolic changes, known as the Warburg Effect,7,8 is that cancer cells 

are particularly vulnerable to changes in nutrient availability.9 For example, tumors face 

a shortage of glucose prior to angiogenesis.10 Targeting starvation-response pathways may 

therefore be a way to selectively treat cancer cells. Altered cellular energy regulation is one 

of the major novel hallmarks of cancer and an emerging therapeutic target.11

A major cellular mechanism for responding to starvation is autophagy, a process in 

which cellular components are degraded for energy and building blocks like amino acids. 

Autophagy is initiated under starvation when a key kinase called Unc-51 like autophagy 

activating kinase (ULK1) gets activated by AMPK and mTOR (positively and negatively, 

respectively) (Figure 1A).12,13 Upon activation, ULK1 forms the ULK1 complex14,15 

(ULK1/2, FIP200, ATG13, and ATG101), which in turn activates the VPS34 complex 

(VPS34, VPS15, Beclin1, and autophagy-related gene (ATG)14L, or UVRAG), which 

then activates a cascade of reactions leading to the formation of the double membrane 

structures called autophagophores.16,17 Autophagophores form around cellular components, 

from proteins to whole organelles14,18 and fuse with lysosomes leading to the degradation of 

its components. Autophagy is a fundamental process that plays a particularly important role 

in cancer.19–21 In pancreatic cancer, it has been shown to be an essential source of amino 

acids for the metabolic needs of the tumor cells and occurs at an extremely high basal level 

compared to normal cells.22,23 In other cases, it has been shown to be used by tumors to 

resist chemotherapy.24–26
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A number of recent studies have shown that pancreatic cancer cells require autophagy 

for growth27,28 and autophagy activation is correlated with poor clinical prognosis.29 

Compared to other malignancies, pancreatic cancer, and other Ras-dependent malignancies, 

are particularly dependent on nutrients. By producing glutamine, for example, autophagy 

promotes the survival of the tumor under hypoxic and nutrient-poor conditions.27,30–33 

Therefore, autophagy is attractive as a new target in Ras-driven pancreatic cancer. 

Autophagy has not been properly evaluated as a target because selective inhibitors did 

not exist. Typical compounds that modulate autophagy in cell culture models, including 

rapamycin and bafilomycin, have broad cellular effects beyond the autophagy pathway.

Recent studies showed a clinical benefit obtained by combining known tumor therapies like 

MEK inhibition with an autophagy-modulating drug like chloroquine or hydroxychloroquine 

(HCQ), a compound that targets all lysosomes, not just autolysosomes.34,35 While those 

results are exciting, the underlying mechanisms of synergy are unclear due to the 

nonselective nature of autophagy inhibitors used in those studies. Therefore, we studied 

the known autophagy drugs to examine their vulnerabilities and possible synergistic targets.

If autophagy inhibitors are to be used to block cancer cell growth, it is important to 

understand their mechanism. It is likely that different compounds with different scaffolds 

and targets, including off-targets, could work differently on blocking growth. We recently 

reported Compound 1, a nanomolar inhibitor against ULK1, which we co-crystallized with 

the kinase.36 Two other ULK1 inhibitors were reported, SBI-020695 and MRT68921 (Figure 

1B).37,38 Of these three, MRT68921 had the best selectivity, showing a preference for 

ULK1, although there was significant inhibition of AMPK and 70% inhibition of Aurora B 

at 1 μM.38 VPS34-in1 is an inhibitor of the lipid kinase VPS34 (encoded by the PIK3C3 
gene), which is downstream of the ULK1 complex. VPS34-in1 has no direct activity against 

Aurora kinases, which is predictable since lipid kinases are more divergent from protein 

kinases and their inhibitors are often more selective.39,40 Lastly, ULK100 and its related 

analog ULK101 were recently reported as a novel scaffold that inhibits ULK1 potently and 

potentially more selectively41 (Figure 1). It has to be noted that most of these inhibitors 

have other important kinases as off-targets, including the family of Aurora kinases (Aurora 

kinase A, B and C) that are required for mitosis.42 SBI-020695 and MRT68921 both 

inhibit Aurora A,43 therefore, using these inhibitors complicates the interpretation of data 

concerning autophagy inhibition and the cell cycle. According to the profiling done by 

Martin et al.41, SBI-020695 was more potent against Aurora kinase A and Aurora kinase B 

than ULK1 itself. Inhibition of Aurora kinases as an off-target is a concern as it causes cell 

cycle arrest regardless of the intended target. ULK100 was the most selective against ULK1 

over Aurora kinases. ULK101 inhibits Aurora kinase more than ULK100 but inhibits AMPK 

less. Therefore, ULK101 could have uses in other contexts, such as distinguishing between 

the role of ULK1 and AMPK inhibition. In summary, ULK100 and VPS34-in1 are the most 

selective compounds at inhibiting autophagy while sparing Aurora kinases.

Others have previously described a connection between autophagy and the cell cycle, 

focusing mostly on the effects the cell cycle has on autophagy regulation.44 It has also 

previously been shown that knockdown of the VPS34 complex components leads to 

cytokinesis arrest, likely through depletion of PtdIns(3)P. Nevertheless, this has not been 
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seen with other autophagy components like ULK1, and it is unclear if it is due to the 

autophagy role of these proteins or their non-autophagic function, or due to their catalytic 

or scaffolding functions.45,46 Therefore, interrogating different arms of the autophagic 

machinery with selective compounds will help shed light on the complex interplay between 

autophagy and the cell cycle. While others have noted the link between the cell cycle 

and autophagy, it is difficult to interpret this data because many compounds used are 

non-selective. Using the most selective compounds, which spare Aurora kinases, we sought 

to uncover the cellular effects of blocking autophagy at different stages of the pathway.

Results and Discussion

Selective inhibitors of autophagy still show inhibition of Aurora kinase signaling

Because we suspected that many autophagy inhibitors interfere with Aurora kinases, 

we investigated the effect of these compounds on mitosis. Visualizing nuclei by DAPI 

incorporation, we examined cells after autophagy inhibitor treatment, looking for signs 

of cell cycle disruption. Polyploidy is a hallmark of severe cell cycle disruption and has 

been observed from selective inhibition of both Aurora A and Aurora B.47,48 As seen in 

Figure 2, we can see polyploid and enlarged nuclei with many of the compounds that are 

used as autophagy inhibitors. The compounds with known Aurora inhibition showed strong 

polyploidy in this assay, including compound 1, SBI-020695 and MRT68921. However, 

VPS34in1, ULK100, hydroxychloroquine (HCQ), and bafilomycin A1 showed minimal to 

no polyploidy induction, suggesting that they are good compounds to study the connection 

between autophagy and the cell cycle, and that autophagy inhibition alone does not cause 

polyploidy. AMG-900, a potent selective pan Aurora inhibitor,49 was used as a control 

compound and showed a strong polyploidy phenotype.

Polyploidy is one phenotype of cell cycle disruption. We next looked for additional readouts 

of cell cycle alteration using two different pancreatic cancer cell lines (PANC-1 and 8988T), 

as some cell lines have different sensitivities to autophagy inhibition. We explored the effect 

of known autophagy inhibitors by western blotting, using phospho-Histone 3 at Serine 10 

(H3 S10) as a readout for Aurora signaling, total Aurora A as an additional marker for cell 

cycle regulation, and LC3 II formation (the processed lipidated form of LC3 I) as a readout 

for autophagy inhibition.

As seen in Figure 3A and Figure 3B, the compound with known Aurora activity, 

MRT68921, had strong effects on phospho-H3 activity. Surprisingly, however, compounds 

with no Aurora activity, including ULK100, VPS34-in1, and HCQ, all had a dose-dependent 

inhibitory effect on both H3 S10 phosphorylation and Aurora A protein levels. We tested 

another inhibitor of VPS34 with a different scaffold, SAR405, to ensure that it was not an 

off-target artifact of VPS34-in1. While less potent than VPS34-in1 in this assay, SAR405 

showed the same dose-dependent trend in interfering with the cell cycle markers. This shows 

that inhibition of autophagy at different stages of the autophagic pathway with selective 

inhibitors can indirectly interfere with Aurora kinases, independent of off-target effects of 

the less selective autophagy inhibitors that bind to and inhibit Aurora kinases directly. The 

dose-response also extended to autophagy inhibition, with the build-up of LC3 I and LC3 II 

observed for the early (ULK1, VPS34) and late (HCQ) autophagy inhibitors (replicates and 
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quantification shown in Figure S1). Because these are different scaffolds that target different 

parts of the autophagy pathway, this suggests that full inhibition of autophagy at the higher 

doses of compounds leads to maximal disruption of the cell cycle, regardless of which point 

in the pathway is targets.

RNA-Seq data reveals strong blockade of cell division upon inhibition of autophagy

To get an unbiased global view of the cellular changes that occur upon autophagy 

inhibition, we performed RNA-Seq on PANC-1 cells after treatment with either ULK100, 

VPS34-in1, or DMSO vehicle, in triplicates. We used the high doses of the autophagy 

inhibitors from the western blot experiments to ensure full inhibition of autophagy. Principal 

component analysis (PCA) confirmed robust reproducibility among the replicates and 

showed substantially diverse global expression patterns among treatments with the two 

autophagy inhibitors (Figure S2). Gene Ontology (GO) enrichment analysis on genes that 

were significantly upregulated (Figure 3C) or downregulated (Figure 3D) upon autophagy 

inhibition with VPSin34in1 or with ULK100 (Figure S3) showed a common regulation 

of genes with both inhibitors, even though they target different stages of the autophagy 

pathway. Strikingly, there was a significant downregulation of genes involved in cell division 

and DNA replication. This is consistent with our discovery of the downregulation of Aurora 

kinase A protein levels and a decrease in phospho-H3. Indeed, both Aurora A and Aurora 
B were highly significantly decreased at the RNA level (AURKA, AURKB, Figure S4). 

Conversely, one of the main upregulated processes was autophagy itself, showing that these 

cells have a compensatory mechanism for increasing autophagy despite the inhibition of an 

essential step in the process. For example, VPS34 and ULK1 inhibition led to a significant 

increase in ULK1 expression. In both cases, we also saw a dramatic increase in RNA levels 

for MAP1LC3A (the gene that encodes LC3) (Figure S4) which agrees with our observation 

by western blot of increased LC3-I and LC3-II after ULK1 or VPS34 inhibition (Figure 3A 

and B). An increase of LC3-II is typically an effect of lysosomal inhibitors that block LC3-II 

degradation (see HCQ treatment in Figure 3A and B), whereas early-stage inhibitors should 

only increase LC3-I levels. Thus, upon autophagy inhibition the cells are compensating by 

increasing the amount of LC3 that is expressed and translated, further complicating the 

interpretation of autophagic flux by looking at LC3 levels only.

While examining key regulators of autophagy and the cell cycle, we detected many other 

significant alterations upon drug treatment, showing the coordinated effort to regulate these 

pathways. After autophagy inhibition, other autophagy genes had increased expressions, 

including OPTN, ATG2A, ATG13, and TMEM41B (Figure S4). Conversely, several genes 

that regulate the cell cycle had significantly decreased expression after treatment with either 

of the two autophagy inhibitors, including BUB1, BUB1B, PCNA, and CDK1 (Figure S4). 

Other important genes had significant changes in expression but were different for the two 

inhibitors, suggesting that there are specific differences in inhibiting ULK1 and VPS34, both 

of which have additional cellular roles outside of autophagy. These genes include TP53, 

KRAS, and MYC. Lastly, we note that the gene that had the most decrease in expression 

was collagen (COL1A1), which has been observed before50, but was striking nonetheless 

and might have implications for more complex tumor models. We explored further cell cycle 

genes in our RNA-Seq data and many were significantly altered upon autophagy inhibition, 

Sung et al. Page 5

ACS Chem Biol. Author manuscript; available in PMC 2023 January 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



most of which indicated an arrest in cell cycle progression (Figure S5). The totality of these 

RNA changes suggests a broad decrease in cell-cycle progression gene expression upon 

autophagy inhibition. Subsequently, we explored some of these cell cycle targets by western 

blot, to see if the changes in mRNA levels correlated with changes in protein levels in the 

two pancreatic cancer cell lines (Figure 3A and B). Correlating with the RNA-Seq result, 

PLK1 was reduced in a dose-dependent manner in both cell lines with inhibition of ULK1 

or VPS34. Additionally, p21 (CDKN1A) showed a dose-dependent increase in expression 

upon inhibition of ULK1, which mirrored the results in the RNA-Seq data. Interestingly, 

in the PANC-1 cells, VPS34 inhibition did not increase p21 levels, which agrees with the 

RNA-Seq data that shows VPS34 inhibition instead induced the closely related CDKN1B 
gene. In summary, using two different kinase inhibitors that do not inhibit Aurora kinases 

directly, we found numerous autophagy genes that respond to autophagy inhibition by a 

significant increase in expression, and abundant cell cycle genes that decrease in expression 

in response to autophagy inhibition, including Aurora A and Aurora B.

Cell Cycle Analysis after autophagy inhibition

To learn more about the connection between autophagy and the cell cycle, we performed 

cell cycle analysis by flow cytometry (FACS) after propidium iodide (PI) staining of cells 

treated with the inhibitors of different stages of autophagy (Table 1 and Figure S6). The 

effects of the compounds clustered into two different categories based on their selectivity. 

Compound 1, MRT68921, and SBI-020695 increased the amount of cells arrested in the G2 

phase, indicating G2/M checkpoint failure and polyploidy, similar to what is reported with 

Aurora kinase inhibition.51 This is likely due to the off-target inhibition of Aurora kinase 

by these less selective compounds. All other autophagy inhibitors increased the percentage 

of cells arrested in the G1 phase, which is consistent with the RNA-Seq data of an increase 

in CDKN1A and CDKN1B and a decrease in CDK2 (Figure S5), which can block the 

G1-S transition.52 This was previously observed for Bafilomycin A1.53 The fact that these 

inhibitors all have the same buildup of cells in the G1 phase suggests it is a general 

autophagy phenomenon since they are targeting different stages of the autophagic pathway 

(initiation, nucleation, and degradation). In agreement with the polyploidy that we observed 

by DAPI visualization (Figure 2), PI analysis confirmed that treatments with SBI-020695, 

Compound 1 and MRT68921 increase the DNA content of the cells shown as >G2 in Table 1 

and Supplementary Figure 6.

Screen for synergy leads to discovery of two novel targets

Using this information, we set out to find synergistic inhibitors of pancreatic cancer 

cells with autophagy inhibition. Because of the high levels of autophagy in certain 

cancer types like pancreatic cancer, and the benefits of drug synergy, it is possible that 

combining chemotherapy with autophagy inhibitors will be more potent and less toxic 

than single drug regimens.54 There has been great interest in combining non-specific 

autophagy inhibitors like chloroquine or HCQ with known chemotherapy agents to improve 

the potency and ward off resistance. In fact, there are several ongoing clinical trials 

for these combination treatments. However, besides the non-specificity of the autophagy 

compounds, the mechanism of synergy is unclear. Therefore, we first performed a screen 

using a commercial kinase inhibitor library with and without VPS34-in1 in PANC-1 
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cells. Surprisingly, instead of seeing traditionally associated synergistic compounds like 

trametinib, the top hits were multitargeting receptor tyrosine kinase inhibitors, with ceritinib 

and quizartinib being the top hits. Quizartinib, which is an FLT3 inhibitor, was the most 

potent in combination, seen in multiple pancreatic cancer cell lines (PANC1 and MIA-

Paca2). Treating these cell lines with the compounds in combination showed an increase 

in cleaved PARP (Figure S7), suggesting a synergistic effect with autophagy inhibition. 

Since quizartinib had a stronger effect at a lower dose than ceritinib, we focused on this 

compound. As seen in Figure 4A, quizartinib alone had almost no effect on cell viability 

in MiaPaca-2 cells. However, in combination with low doses of VPS34in1, there was a 

significant decrease in cell viability. Subsequently, we did a full dose-response matrix to 

measure drug synergy and saw a large synergistic effect over most concentration ranges by 

Loewe analysis (Figure 4B). Subsequently, we did a screen of PANC-1 cells with the kinase 

inhibitor library with and without ULK100, to look for compounds that were only toxic in 

the presence of ULK100. We found several interesting candidates, but the most potent was 

THZ1, a CDK7 inhibitor. This was exciting, because of the connection between the cell 

cycle and autophagy, and it suggested that it might be possible to take advantage of this 

novel mechanism. Indeed, when we treated cells with varying doses of ULK100 and THZ1, 

we saw a strong synergistic effect, as evidenced by the Loewe score (Figure 4C).55 This 

suggests that combining autophagy inhibitors with cell cycle inhibitors like THZ1 could be 

more selective and efficacious than cell cycle inhibitors alone.

The synergy between quizartinib and VPS34in-1 was particularly surprising. Quizartinib is 

a selective FLT3 inhibitor that was investigated to treat AML.56 There were no reports of 

FLT3 expression in pancreatic cells, which our RNA-Seq data confirmed (Figure S8). We 

also looked at kinome profiling of quizartinib to hypothesize other targets and identified 

several candidates that were shown in vitro to be inhibited by quizartinib 56. These 

could potentially be the targets of quizartinib in these cells, or perhaps inhibiting some 

combination of them has a polypharmacological effect that induces autophagy and leads 

to cell death when that escape mechanism is blocked. We examined the 12 kinases that 

are reported to be most inhibited by quizartinib in vitro. Of those 12, only DDR1, and 

potentially RET, were expressed at levels that were sufficient to deem them as plausible 

targets of the drug in these cells. The other kinases, including FLT3, were barely expressed 

with or without autophagy inhibitor treatment. Intriguingly, DDR1, the most expressed of all 

of these is also known to be regulated by collagen,57 suggesting that autophagy inhibition is 

altering signaling of this receptor.

For ULK100, THZ1, a CDK7 inhibitor, was the most potent synergistic compound that we 

identified in our screen. This suggested that, because of the natural feedback between the 

cell cycle and autophagy, inhibition of both pathways could be beneficial as a treatment 

strategy. The mechanism needs to be further evaluated, but in these pancreatic cell lines, 

which we chose because of their known dependence on autophagy and high autophagic flux, 

it is possible that the cells block division as a survival mechanism until autophagy is restored 

and can provide sufficient energy.

We have found that there are two mechanisms linking autophagy inhibition to cell cycle 

aberrations. First, since ULK1 and Aurora kinase share many similarities in the ATP 
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binding pocket,43 many autophagy inhibitors are also direct inhibitors of Aurora kinase. 

These compounds should not be used for cellular experiments studying autophagy, as their 

dual pharmacology effects will make the interpretation of experimental results difficult. 

Second, we find that other selective autophagy compounds also interfere with the cell 

cycle, primarily at the G1/S transition, but also inhibit histone H3 S10 phosphorylation. 

The mechanism appears to be at the transcriptional level and involves numerous changes to 

genes involved in cell-cycle progression. ULK100 and VPS34in-1 and related compounds 

are in this class. These compounds are useful autophagy probes and can be potentially 

synergistic with other drug mechanisms in pancreatic cancer cells. While chloroquine is 

being widely investigated in combination with other compounds, we suggest that these 

other selective compounds might provide more straightforward mechanisms of action. 

Furthermore, the synergy between autophagy inhibition and other pathways is more complex 

than previously thought, so unbiased screens might be necessary for identifying synergistic 

drug combinations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Autophagy Pathway Inhibitors.
A) Schematic of the pathway that activates autophagic degradation in the lysosome, starting 

with activation of ULK1. Not all complex members are shown, for clarity. B) Structures of 

autophagy inhibitors in the literature and used in this study. The compounds target different 

stages of the autophagy pathway and have different selectivities towards their targets.
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Figure 2. Cell cycle perturbations from autophagy inhibition seen by confocal microscopy after 
DAPI incorporation.
Pa 8988T cells were treated with compounds at the following concentrations for 48 

hours: Compound 1: 1 μM; SBI0206965: 2 μM; MRT68921: 1 μM; VPS34in-1: 1 μM; 

Hydroxychloroquine (HCQ): 5 μM; Bafilomycin A1 (BafA1): 10 nM; ULK100: 1 μM; 

AMG-900: 250 nM. Red arrows depict some of the cells with increased DNA content 

compared to vehicle treatment. DAPI is shown in blue, Phalloidin-647 in white.
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Figure 3. Mechanisms and biological changes from autophagy inhibition.
A) 8988T cells were treated for 24 hours with the compounds at the indicated concentrations 

(μM) and the protein lysate blotted with the indicated antibodies. B) The same compounds 

were used in PANC-1 cells. C-D) GO-enrichment analysis of RNA-Seq data revealed a list 

of biological processes that are upregulated (C) or downregulated (D) in PANC-1 cells after 

inhibition of autophagy with VPS34in-1.
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Figure 4. Synergistic inhibition of pancreatic cancer cell growth with autophagy inhibitors and 
known drugs.
A) Cell viability of MIA PaCa-2 cells after treatment with either quizartinib, VPS34in-1 or 

both. Error bars show SD, n=3. B) Synergy plot of PANC-1 cells treated with quizartinib and 

VPS34in-1, using a treatment matrix with the indicated concentrations. The graph shows the 

contours of the Loewe synergy score, calculated using SynergyFinderPlus. C) Synergy plot 

of PANC-1 cells treated with ULK100 and THZ-1, treated at the indicated concentrations 

with the Loewe score graphed with synergism shown in red.
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Table 1.

Cell cycle changes from autophagy inhibitors.

Cells were treated with each compound in duplicates, harvested, treated with propidium iodide (PI) and analyzed by flow cytometry. The 
percentage of cells in each cell cycle phase is shown and color coded by abundance. The compounds were applied at the same concentrations as 
in the microscopy images (Fig. 2) for 24 hours. >G2 shows the percentage of cells that have an excessive DNA content and therefore are likely 
polyploid.
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