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SUMMARY

Amplified lysosome activity is a hallmark of pancreatic ductal adenocarcinoma (PDAC) 

orchestrated by oncogenic KRAS that mediates tumor growth and metastasis, though the 

mechanisms underlying this phenomenon remain unclear. Using comparative proteomics, we 

found that oncogenic KRAS significantly enriches levels of the guanine nucleotide exchange 

factor (GEF) dedicator of cytokinesis 8 (DOCK8) on lysosomes. Surprisingly, DOCK8 is 

aberrantly expressed in a subset of PDAC, where it promotes cell invasion in vitro and in vivo. 

DOCK8 associates with lysosomes and regulates lysosomal morphology and motility, with loss of 

DOCK8 leading to increased lysosome size. DOCK8 promotes actin polymerization at the surface 

of lysosomes while also increasing the proteolytic activity of the lysosomal protease cathepsin 

B. Critically, depletion of DOCK8 significantly reduces cathepsin-dependent extracellular matrix 

degradation and impairs the invasive capacity of PDAC cells. These findings implicate ectopic 
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expression of DOCK8 as a key driver of KRAS-driven lysosomal regulation and invasion in 

pancreatic cancer cells.

In brief

Gutierrez Ruiz et al. analyzed the lysosomal proteome of pancreatic cancer cells expressing 

oncogenic KRAS. They identified the GEF DOCK8 as being aberrantly expressed in pancreatic 

cancer cells, where it controls lysosome morphology. DOCK8 regulates lysosomal actin, which 

impacts trafficking and secretion of lysosomal cathepsins to promote tumor cell invasion.

Graphical Abstract

INTRODUCTION

Lysosomes are acidic, degrative organelles that are implicated in nearly every hallmark 

of cancer.1–5 Pancreatic ductal adenocarcinoma (PDAC), the third leading cause of cancer 

death in the US, exhibits enhanced lysosome biogenesis and activity, which contributes 

to tumor progression by multiple mechanisms including amino acid homeostasis, survival 

signaling, and immune evasion.2,6–10 Lysosomes also contribute to invasion, such as through 

the degradation of E-cadherin and the secretion of lysosomal hydrolases for invasive 

degradation and remodeling of the extracellular matrix (ECM).7,11,12 In particular, the 

lysosomal protease cathepsin B is upregulated in PDAC and enhances pancreatic cancer 

Gutierrez-Ruiz et al. Page 2

Cell Rep. Author manuscript; available in PMC 2023 October 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



progression and metastasis.8,11 However, the mechanisms regulating these tumor-promoting 

actions are not well defined.

Most PDAC tumors are driven by mutations in the oncogene KRAS,13–15 which 

amplify the lysosome-targeted nutrient scavenging processes of macropinocytosis and 

autophagy.16–18 The molecular mechanisms by which oncogenic KRAS regulates lysosomal 

action to promote tumor invasion and metastasis remain unclear. KRAS activation can 

promote invasive ECM degradation in part through actin-based invadopodia and matrix 

metalloproteinase secretion.19–23 Invadopodia are regulated by the small GTPase Cdc42, 

which is activated by guanine nucleotide exchange factors (GEFs).24,25 Aberrant activation 

of GEFs in PDAC increases Rac1/Cdc42-mediated invasive migration and potentiates 

metastasis.26–28 However, pro-invasive functions for GEFs beyond leading-edge actin 

dynamics and invadopodia remain elusive.

We hypothesized that oncogenic KRAS regulates lysosome function to support PDAC 

tumor progression and metastasis. In this study, we investigated how oncogenic KRAS 

regulates the lysosomal proteome using mass spectrometry-based proteomic profiling of 

lysosomes isolated from PDAC cells. Surprisingly, we identified that a Rac/Cdc42 GEF, 

dedicator of cytokinesis 8 (DOCK8), is enriched on lysosomes isolated from oncogenic 

KRAS-expressing cells. DOCK8 is primarily expressed in immune cells, where it regulates 

immune synapse formation29,30 and immune cell migration via Rac1 and Cdc42.31 Here, 

we identify that DOCK8 is ectopically expressed in a subset of PDACs, and this aberrant 

expression promotes tumor growth and invasion. Surprisingly, this ectopically expressed 

GEF localizes in part to tumor cell lysosomes, where it plays a central role in metastatic 

invasion by controlling both actin-based lysosome morphology and cathepsin B-dependent 

ECM degradation. Together, these findings implicate DOCK8 as a mediator of KRAS-driven 

lysosomal regulation and metastatic invasion in pancreatic tumor cells.

RESULTS

Lysosome proteomic profiling identifies enrichment of DOCK8 at lysosomes in pancreatic 
cancer cells

Oncogenic mutations in KRAS are key drivers of PDAC. As lysosome biogenesis and 

activity are amplified in PDAC, we sought to identify changes to the lysosomal proteome 

regulated by KRAS. To this end, we performed comparative proteomics on isolated 

lysosomes from cells expressing wild-type (WT) or oncogenic KRAS using a PDAC 

cell line derived from a mouse with doxycycline-inducible oncogenic KRAS G12D (iK-

RAS).13,32 The lysosomal transmembrane protein TMEM192–3xHA was stably expressed 

in iKRAS cells to label lysosomes (Figures S1A and S1B), and lysosomes were isolated 

by immunoprecipitation using anti-HA magnetic beads33 from cells treated with or without 

doxycycline, thus expressing KRASG12D or KRASWT, respectively. Lysosome integrity 

and purity were evaluated by immunoblotting of lysosomal (TMEM192-HA, LAMP2A, 

cathepsin B) and non-lysosomal markers (COXIV, GM130), as well as lysosome-associated 

proteins (mTOR, Rab7) (Figure S1C). Isolated lysosomes were analyzed using mass 

spectrometry and comparative proteomic analysis. Overall, 52 proteins were significantly 

enriched at lysosomes from cells expressing oncogenic KRASG12D cells versus KRASWT, 
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while 138 proteins were decreased (Figure 1A). Surprisingly, we identified the GEF DOCK8 

as enriched by 2.4-fold on lysosomes isolated from iKRASG12D cells compared with 

iKRASWT cells (Figure 1A). This was unexpected, as DOCK8 is primarily expressed 

in the immune system, has not been reported to be expressed in PDAC, and is not 

known to associate with lysosomes. DOCK8 was of particular interest as it is required 

for interstitial migration of dendritic cells.34 In considering novel regulators of pancreatic 

cancer progression and metastasis, we hypothesized that DOCK8 might support the highly 

similar process of invasive migration by tumor cells.

DOCK8 enrichment on lysosomes was validated by immunoblotting purified lysosome 

fractions for DOCK8 in iKRAS cells, as well as in Panc04.03 cells (Figures 1B, 1C, and 

S1D). Further, while DOCK8 is primarily cytoplasmic, a YFP-tagged-DOCK8 construct 

could be detected at the membrane of lysosomes, defined by costaining for TMEM192-HA, 

in iKRAS cells (Figure 1D), as well as by LysoTracker labeling in iKRAS and Panc04.03 

cells (Figures S1E and S1F). In addition, we transfected a truncated version of DOCK8, 

comprised of the DHR2 (GEF) domain tagged with HA, and immunofluorescence staining 

of LAMP1, and HA detected this mutant at the membrane of lysosomes in iKRAS and 

Panc04.03 cells, suggesting that this domain is sufficient for the recruitment of DOCK8 to 

lysosomes (Figures 1E–1G). Together, both biochemical and immunocytochemical methods 

indicate a surprising lysosomal association for the GEF DOCK8 in PDAC cells.

We first assessed if KRASG12D affected total DOCK8 expression. Immunoblotting revealed 

that DOCK8 protein levels were substantially increased by 11-fold in doxycycline-induced 

iK-RASG12D cells (Figures 1H and 1I). Quantitative RT-PCR indicated a 4.5-fold increase 

in DOCK8 transcript levels in oncogenic iKRASG12D cells (Figure 1J). As induction of 

KRASG12D results in increased KRAS protein levels (Figures S1G and S1H), we tested 

if increasing levels of WT KRAS were sufficient to elevate DOCK8 expression. However, 

overexpression of HA-tagged WT KRAS did not enhance expression of DOCK8 (Figures 

S1I and S1J). This suggests that oncogenic KRAS, and not the WT form, promotes DOCK8 

expression in PDAC cells, which can enhance its association with lysosomes.

The biochemical and morphological association of DOCK8 with lysosomes described above 

does not distinguish if this GEF is a luminal protein, is associated with the lysosome surface, 

or is a cargo destined for degradation. Proteinase K digestion of isolated lysosomes was used 

to discriminate between lysosomal surface proteins, which would be sensitive to Proteinase 

K digestion, as compared with luminal proteins, which would be more protected from 

degradation. Lysosome-associated DOCK8 was extremely sensitive to Proteinase K, as were 

known lysosome interacting proteins mTOR and Rab7, indicating DOCK8 is associating 

with the lysosomal surface (Figure 1K). To test if DOCK8 is degraded by lysosomes, 

lysosome degradative activity was inhibited using bafilomycin A1, and DOCK8 protein 

levels were assessed by immunoblotting. Lysosome inhibition did not increase total DOCK8 

levels compared to DMSO control (Figure S1K), suggesting that DOCK8 recruitment to 

lysosomes is not a protein clearance mechanism but rather that DOCK8 may act at the 

lysosomal surface.
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DOCK8 is aberrantly expressed in PDAC cells and promotes tumor growth and invasion

DOCK8 signaling has been studied extensively in immune cells; however, its expression 

and role in other cell types remain poorly defined. We first evaluated the expression of 

DOCK8 in pancreatic cancers. Gene expression analysis of normal pancreas from the 

Genotype-Tissue Expression (GTEx) project and tumor samples from The Cancer Genome 

Atlas (TCGA) Program revealed that DOCK8 expression is elevated in PDAC (Figure 2A). 

However, as high expression of DOCK8 in infiltrating immune cells could confound these 

data, we analyzed DOCK8 expression using RNA sequencing (RNA-seq) data from PDAC 

patient-derived organoids (PDOs) and cell lines. DOCK8 was expressed in 20% of PDAC 

PDOs generated by both the Mayo Clinic and Crown Bioscience (Figures 2B and 2C).35 

Transcript analysis from the Cancer Cell Line Encyclopedia identified that 21 out of 41 

(51%) PDAC cell lines expressed DOCK8, which was validated by immunoblotting of a 

subset of cell lines (Figures 2D and 2E). DOCK8 protein was detected in two murine 

cell lines (iKRAS,13 mKPC, which is derived from the KPC genetic mouse model of 

pancreatic cancer (PDX-1 Cre, KrasG12D/+, p53T172H/+36) and four human cell lines (6741-P, 

L3.6, Panc04.03, and Capan1, consistent with transcriptomic data from CCLE) (Figure 2E). 

Although our data suggest that DOCK8 expression is enhanced by KRASG12D, not all cell 

lines with oncogenic KRAS mutations express DOCK8, suggesting additional regulatory 

mechanisms of DOCK8 expression. Together, these data identify aberrant expression of the 

GEF DOCK8 in a subset of PDAC tumor cells.

We next sought to determine if DOCK8 played a role in PDAC tumor progression. CRISPR-

Cas9 was used to knock out DOCK8 in mKPC cells (Figures 2F and S2A), which are 

derived from the KPC mouse model of pancreatic cancer and express high levels of DOCK8 

(Figure 2E).36 Two control (clones 1 and 3) or DOCK8 knockout (clones 1 and 2) mKPC 

cells were orthotopically injected into the pancreas of syngeneic C57BL/6 male and female 

mice. After 3 weeks, tumor size and intraperitoneal dissemination were measured upon 

necropsy. There was a mixed effect on tumor size in the DOCK8 knockout clones, as 

tumor size was slightly reduced in knockout clone 1 but increased in knockout clone 2 

compared with the control clones (Figures 2G and S2B–S2D). Histological analysis of 

the primary tumors indicated that DOCK8 knockout clone 1 formed low-grade tumors, 

whereas clone 2 formed high-grade tumors, which is likely related to enhanced tumor 

growth (Figures 2H, S2B, and S2C). The most striking difference was the marked reduction 

in tumor cell dissemination and colonization (Figures 2H–2K, S2B, and S2C). Even within 

3 weeks, invasive lesions could be detected in the control tumors in this aggressive model 

of PDAC, particularly along the vasculature of the intestinal mesentery, as we and others 

have observed previously (Figures 2H–2J and S2C).37–39 Remarkably, DOCK8 knockout 

profoundly reduced invasive dissemination by 80% even in the presence of a large primary 

tumor (Figures 2G, 2K, and S2C). These in vivo findings suggest that the ectopically 

expressed DOCK8 GEF plays a role in PDAC tumor growth and metastatic invasion.

DOCK8 promotes pancreatic tumor cell invasion and survival

From these initial findings, we pursued cell biological and biochemical studies to understand 

the role of DOCK8 in PDAC using multiple cell lines including established human cell lines 

(Panc04.03, L3.6, Capan1, PANC1), cells isolated from PDAC patient-derived xenografts 
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(6741-P),40,41 and two mouse PDAC cell lines described above, iKRASG12D 13 and cells 

derived from the KPC genetic mouse model of pancreatic cancer (PDX-1 Cre, KrasG12D/+, 

p53T172H/+).36

Given the association of DOCK8 with lysosomes (Figure 1) and the significant effect of 

DOCK8 on intraperitoneal dissemination in vivo (Figures 2H–2K), we sought to determine 

if DOCK8 might affect lysosome-mediated tumor cell invasion. Lysosomal proteolytic 

activity has been implicated in tumor growth and invasion, though the mechanisms remain 

incompletely defined.5,42–44 Indeed, treatment of PDAC cells with the lysosomal inhibitor 

bafilomycin A1 decreased tumor cell invasion by 50%–60% (Figure 2L), highlighting the 

importance of lysosome function in tumor cell invasion.

Therefore, we tested if DOCK8 promotes migratory invasion by PDAC cells. To this end, 

we used small interfering RNA (siRNA) to knock down DOCK8 in multiple PDAC cell 

lines and assessed Transwell cell invasion and cell migration in a wound-healing assay. Both 

siRNA pools (DOCK8siP) and two individual siRNAs (DOCK8si1 and DOCK8si2) for both 

mouse and human DOCK8 efficiently reduced DOCK8 mRNA and protein levels (Figures 

S3A and S3B) and significantly decreased Transwell cell invasion by 50%–85% (Figures 

2M–2Q and S3C). Transwell invasion was measured by scoring the cells on the top and 

bottom of the Transwell filter and calculating the percentage of invasion, which minimizes 

any indirect effects of viability or proliferation. In addition, using three CRISPR-Cas9 

control clones and three DOCK8 knockout clones, we found that knockout of DOCK8 

also reduced Transwell invasion by 80% (Figure 2R). Interestingly, 2D migration was not 

significantly reduced by DOCK8 knockdown or knockout, as measured by wound-healing 

assays (Figures S3D–S3G). This is an important distinction, as it suggests that DOCK8 

promotes PDAC invasion in the presence of an ECM but not necessarily in the context of 2D 

migration. This is consistent with the role of DOCK8 as an important regulator of interstitial 

immune cell migration through the ECM.34,45–47

In immune cells, the GEF activity of DOCK8 is crucial for cell migration by activating 

CDC42 during immune responses.34 To determine whether the GEF activity of DOCK8 is 

required to mediate invasion in PDAC cells, a lentivirus was used to stably express FLAG-

DOCK8-WT, or the DOCK8 GEF-inactive mutant FLAG-DOCK8-V1985A,48 in either 

Panc1 cells, which do not express DOCK8, or mKPC cells, which do express DOCK8. 

Expression of DOCK8-WT increased invasion in Panc1 cells by nearly 2-fold, whereas the 

GEF inactive mutant DOCK8-V1985A reduced invasion by 50% (Figure 2S). Similar to 

the knockdown and knockout experiments, overexpression of DOCK8 in Panc1 cells had 

no effect on 2D migration (Figures S3H and S3I). In mKPC cells, which already express 

endogenous DOCK8, overexpression of DOCK8-WT did not further increase invasion, but 

overexpression of DOCK8-V1985A did reduce invasion by nearly 50% (Figures S3J and 

S3K). Epithelial-to-mesenchymal transition (EMT) is a hallmark of cancer that contributes 

to the invasive capacity of cancer cells.49 Thus, we assessed whether DOCK8 depletion 

induces changes to the EMT program in PDAC. However, DOCK8 knockdown had no 

significant effect on protein levels of EMT markers E-cadherin, N-cadherin, or vimentin, 

suggesting that the decreased invasion observed upon DOCK8 depletion is not due to defects 
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in EMT (Figures S3L–S3N). Together, these data indicate that ectopic expression of DOCK8 

in PDAC promotes tumor cell invasion in a GEF-dependent manner.

Given the mixed effects of DOCK8 on tumor size in vivo, we investigated the role of 

DOCK8 in cell viability in vitro. In contrast to invasion, DOCK8 expression had a modest 

effect on cell viability. Crystal violet staining and MTT assays showed that knockdown of 

DOCK8 had no effect on the viability of 6741-P cells but that it did reduce cell numbers 

in L3.6 cells (Figures S4A–S4F). In mKPC CRISPR-mediated knockout cells, the viability/

proliferation of the control clones was highly variable, but there was not a significant 

decrease in crystal violet staining of DOCK8 knockout clones (Figures S4G and S4H). In 

addition, knockout of DOCK8 did not cause a significant change in cell-cycle distribution 

measured by propidium iodide staining (Figure S4I) and did not induce apoptosis as 

measured by immunoblotting for cleaved caspase-3 (Figures S4J and S4K). Overexpression 

of WT or GEF-mutant DOCK8-V1985A had no effect on viability in PANC1 cells, which 

do not express DOCK8 (Figures S4L and S4M). This suggests that while DOCK8 regulates 

viability only in some contexts, it plays a consistent and important role in regulating PDAC 

invasion. Thus, in this study, we focused on how DOCK8 impacts lysosome-mediated tumor 

cell invasion.

DOCK8 regulates lysosome morphology, motility, and actin nucleation

As we uncovered an unexpected association of DOCK8 with lysosomes (Figure 1A), we 

next defined its contribution to lysosome morphology, motility, and function. DOCK8 

was depleted by siRNA in iKRASG12D, 6741-P, mKPC, and Panc04.03 cells followed by 

immunofluorescence staining for the lysosome marker LAMP1. There was a significant 

enlargement of a subpopulation of lysosomes upon depletion of DOCK8. The mean 

lysosome area was increased by over 20% in the DOCK8 knockdown cells (Figures 3A–3C 

and S5A–S5J), but more strikingly, there was a 4.5-fold increase in lysosomes with an area 

greater than 2 μm2 (Figure S5K). Similarly, CRISPR-mediated knockout of DOCK8 caused 

a marked 35%–55% increase in the mean lysosome size in all three clonal cell lines (Figures 

3E and 3F). The number of lysosomes per cell was not consistently affected across cell 

lines (Figures 3D, S5D, S5G, and S5J). Ultrastructural analysis supported these findings, 

as transmission electron microscopy of 6741-P and L3.6 DOCK8 knockdown cells also 

revealed the presence of markedly enlarged lysosomes compared with control cells (Figures 

3G, S5L, and S5M), as did labeling of lysosomes with LysoTracker, which labels acidic 

compartments, in mKPC and 6741-P cells (Figures S5N–S5Q).

To test if the effects on lysosome size required DOCK8’s known role in activating Cdc42, 

we tested if expression of constitutively active Cdc42 could rescue lysosome size in the 

DOCK8 knockdown cells. Indeed, cotransfection of GFP Cdc42-G12V reduced the size 

of the lysosomes enlarged by knockdown of DOCK8 (Figures 3H–3J). This suggests 

that DOCK8 regulates lysosome size through activating Cdc42. Importantly, expression of 

oncogenic KRAS alone in iKRAS cells did not alter lysosome size (Figures S5R and S5S), 

though the number of lysosomes per cell was decreased by nearly 25% and the LysoTracker 

signal was increased by 20% (Figures S5T–S5V), indicating alterations in the lysosomal 
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compartment. Together, these findings suggest that DOCK8 may restrict lysosome size 

through modulating Cdc42, which may have implications for lysosome function.2,50,51

Lysosomes are highly motile organelles, with their trafficking and positioning within the 

cell being crucial for their activity. To test if enlarged lysosomes in DOCK8-depleted cells 

exhibit altered motility, lysosomes were labeled with LysoTracker, which marks small acidic 

organelles. Live-cell imaging and particle tracking were performed over 10 min and revealed 

that lysosomes in DOCK8-depleted 6741-P cells were less motile in comparison to control 

cells, with decreases in mean speed by 25% (Figures 3K–3M; Videos S1 and S2). The 

decreased motility was particularly evident in the enlarged subpopulation of lysosomes, 

which is enriched in the DOCK8 knockdown cells (Figure 3L). As an additional approach, 

L3.6 cells were transfected with LAMP1-mCherry to label lysosomes. Particle tracking 

analysis of LAMP1-mCherry-labeled lysosomes in L3.6 DOCK8 knockdown cells also 

revealed a substantial decrease in lysosomal mean speed and maximum distance traveled 

by nearly 50% (Figures S5W–S5Z; Videos S3 and S4). Live-cell imaging of iKRASG12D 

transfected with LAMP1-GFP also showed a reduction in lysosome motility and enlarged 

lysosomes upon DOCK8 depletion (Videos S5 and S6). Together, these results suggest that 

DOCK8 promotes lysosomal motility and dynamics.

Lysosome size and motility are regulated in part by polymerization of actin at their 

surface.52,53 As a Cdc42 GEF, DOCK8 could potentially regulate lysosome size and motility 

via actin dynamics at the lysosomal surface. To test for DOCK8-mediated changes in 

lysosome-associated actin, siRNA was used to deplete DOCK8 in human 6741-P and 

mouse mKPC cells, and immunofluorescence staining for actin and LAMP1 was performed. 

Interestingly, DOCK8 knockdown significantly decreased actin associated with lysosomes, 

with overlap between actin and LAMP1 reduced by approximately 50%, in addition to a 

reduction in cytosolic actin (Figures 4A–4C, S6A, and S6B), though cortical actin remained 

unaffected. To test if this represented a defect in actin nucleation on the lysosomal surface, 

cells were permeabilized and incubated with rhodamine-G-actin for 15 min, which is 

incorporated into sites of nucleating actin, and were quantified by fluorescence microscopy. 

Newly nucleated actin was detected on LAMP1-GFP-positive lysosomes in non-targeting 

treated control cells but was reduced by 30% in DOCK8-depleted cells (Figures S6C–

S6E). As reduced lysosomal actin can result in both impaired motility and lysosomal 

enlargement,54 these data suggest a role for DOCK8 in regulating actin levels at the 

lysosome surface that, in turn, regulates the size, motility, and perhaps function.

DOCK8 is required for invasive migration via cathepsin B-mediated ECM degradation

As lysosome morphology and motility depend upon DOCK8 expression, it was important 

to test if DOCK8 affected lysosome function by measuring lysosomal cargo degradation. 

First, the EGF receptor, which is degraded by lysosomes following stimulation with 

high levels of EGF, was degraded at equal rates following EGF treatment in both 

control and DOCK8-depleted cells (Figures S6F–S6H), suggesting no defect in lysosomal 

degradation. Second, we assessed the fluorescence of DQ-BSA, which is internalized by 

macropinocytosis and fluoresces upon cleavage in the acidic lysosome. Following DOCK8 

knockdown, 6741-P cells were incubated with DQ-BSA for 1 h followed by a 3 h chase. 
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However, there was no change in DQ-BSA fluorescence when normalized to a second 

macropinocytic cargo, tetramethylrhodamine (TMR)-dextran10 (Figures S6I–S6L). Third, 

lysosome acidification was assessed by measuring the fluorescence intensity of cells treated 

with LysoTracker, which labels acidic organelles. Both mKPC and 6741-P cells showed 

no defects in LysoTracker fluorescence intensity upon DOCK8 knockdown, indicating no 

gross dysregulation of lysosome pH (Figures S5P and S6M–S6O). These data suggest that 

DOCK8 does not globally regulate the degradative function of lysosomes.

We next measured the effects of DOCK8 on the activity of cathepsins, which are proteases 

that are enzymatically activated in the low pH within the lysosome lumen. To this end, 

control or DOCK8 knockdown 6741-P, mKPC, L3.6, Capan1, and Panc04.03 cells were 

incubated with Magic Red cathepsin B, which is a cathepsin B substrate that fluoresces 

upon cleavage. Importantly, cathepsin B activity was dramatically reduced by 40%–70% 

upon DOCK8 depletion, using both siRNA pools and individual siRNAs (Figures 4D, 4E, 

and S7A–S7D). Similarly, CRISPR-mediated knockout of DOCK8 also reduced cathepsin 

B activity (Figures S7E and S7F). Cathepsin B levels were not significantly or consistently 

altered at the transcriptional or protein levels, suggesting differences in the regulation of its 

activity rather than its expression (Figures 4F, 4G, and S7G–S7J). This finding revealed a 

link between DOCK8 and the activity of the lysosomal protease cathepsin B, which has been 

defined as essential for pancreatic cancer development and progression.8

As DOCK8 regulates lysosomal size, actin, and cathepsin B, we investigated the relationship 

among these effects by first testing if the DOCK8-dependent inhibition of actin impacted 

lysosome size and cathepsin activity. Indeed, F-actin disassembly by cytochalasin D also 

increased lysosome size by 30% (Figures 4H and 4I) and reduced cathepsin B activity 

by 60%–80% (Figures 4J and 4K), mimicking DOCK8 depletion. Conversely, we tested 

if cathepsin B activity regulates lysosome size and actin association. While inhibition of 

cathepsin B with CA-074ME increased lysosome size by 40%, it did not significantly 

affect the amount of lysosome-associated actin (Figures 4L–4N). These data suggest that 

DOCK8-dependent actin polymerization at the lysosome impacts cathepsin B activity and 

lysosome size.

In addition to degrading intracellular cargo, lysosomal cathepsins can also be secreted to 

degrade extracellular substrates including ECM. Given the defects in lysosome motility, 

invasion, and cathepsin B activation, we hypothesized that the activation or the secretion of 

lysosomal cathepsins more broadly might be defective in the absence of DOCK8. Using a 

Protease Array, we assessed conditioned medium from 6741-P cells and found that siRNA-

mediated knockdown of DOCK8 reduced the secretion of multiple lysosomal cathepsins, 

including cathepsin B, into the medium (Figures 5A, 5B, and S7K). In contrast, other 

lysosomal and non-lysosomal secreted proteases were unaffected. Thus, these data implicate 

a role for DOCK8 in the activation and secretion of a subset of lysosomal cathepsins.

As secreted cathepsins can promote stromal remodeling during tumor cell invasion,6,8,55–57 

we next tested if the lysosome-regulatory function of DOCK8 contributed to its role in 

tumor cell invasion. We assessed the ability of PDAC cells to degradDistinct forms of 

the actin cross-linking proteine DQ-collagen, an ECM protein that fluoresces upon its 
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proteolytic cleavage. DOCK8 was knocked down in 6741-P cells that were overlaid with an 

ECM comprised of Matrigel/DQ-collagen or that were plated on top of gelatin/DQ-collagen 

for more constrained degradation of the ECM that accumulates in and marks lysosomes. The 

control cells exhibited high levels of DQ-collagen fluorescence, indicating proteolytic ECM 

cleavage. Importantly, in both ECM environments, the DQ-collagen fluorescence intensity 

was substantially reduced upon DOCK8 knockdown (Figures 5C–5E and S7L), indicating 

that DOCK8 promotes ECM degradation. To confirm that degradation of ECM is dependent 

upon cathepsin activity, 6741-P cells were treated with the cathepsin B inhibitor CA-074ME 

(20 μM) overnight, which significantly reduced the degradation of DQ-collagen (Figures 

S7M and S7N). To test if cathepsin B is both necessary and sufficient for DOCK8-dependent 

ECM degradation, we overexpressed cathepsin B-mCherry in 6741-P DOCK8 knockdown 

cells and assessed ECM degradation after 48 h by measuring the intracellular accumulation 

of cleaved DQ-collagen in lysosomes. Importantly, overexpression of cathepsin B-mCherry 

rescued DQ-collagen degradation in the absence of DOCK8, consistent with DOCK8 

regulating ECM degradation through cathepsin B activity (Figures 5F–5H). Interestingly, we 

noticed a significant fraction of cathepsin B-mCherry in the DOCK8 knockdown cells that 

did not colocalize with cleaved DQ-collagen, which marks lysosomes. A Manders’s overlap 

coefficient indicated that in control cells, 85% of the cathepsin B-mCherry colocalized 

with DQ-collagen-positive lysosomes but that only 60% localized to these structures in 

the DOCK8 knockdown cells (Figure 5I). This suggests the presence of extra-lysosomal 

cathepsin B that perhaps has been misdirected into other membranous organelles, indicating 

defective trafficking and routing of cathepsin B in the absence of DOCK8.

Finally, inhibition of cathepsin B reduced Transwell cell invasion by 70%–80% (Figure 

5J), indicating that cathepsin B is required for tumor cell invasion. However, cathepsin 

B-mCherry overexpression alone was not sufficient to restore invasion in the DOCK8 

knockdown cells (Figures 5F and S7O). This is likely because the secretion of additional 

lysosomal proteases was impacted by DOCK8 and may also be due to localization defects 

of cathepsin B (Figures 5G and 5I). Together, these observations suggest that DOCK8 

promotes tumor cell invasion by supporting the activation and secretion of lysosomal 

cathepsins, at least in part through lysosome-associated actin dynamics and proper sorting or 

trafficking of lysosomal proteases.

DISCUSSION

In this study, we provide evidence linking the Cdc42 GEF DOCK8 to lysosome-mediated 

tumor cell invasion and identify it as a potential target in pancreatic cancer. These findings 

indicate that lysosomes are key players in PDAC cell invasion and that oncogenic KRAS 

remodels the lysosomal proteome to promote tumor growth and invasion at least in part 

through regulation of DOCK8.

DOCK8 is primarily expressed and studied in immune cells, where it plays key roles in 

cell migration, activation of the immune response, and T cell survival.30,58 DOCK8 has 

been suggested to be elevated in some cancers; however, this was attributed to immune cell 

infiltrates.59 Further, DOCK8 mutation causes a rare immunodeficiency that affects immune 

cell numbers and migration and increases cancer risk.34,60 DOCK8 is essential for migration 
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of natural killer (NK) cells, dendritic cells, and T cells and induces T cell infiltration into the 

central nervous system via activation of Cdc42-mediated cell migration61 and for migration 

through constricted regions of ECM.34 Intriguingly, immune cell infiltration and tumor 

cell invasion share common characteristics, including remodeling of the actin cytoskeleton, 

ECM degradation, and cytokine secretion, that allow cells to invade and migrate through 

constricted spaces. Similar to DOCK8, aberrant expression of an additional immune-specific 

GEF, Vav1, in PDAC also drives metastatic invasion.26–28 Thus, aberrant expression of 

immune-regulatory GEFs in PDAC may confer invasive abilities in tumor cells comparable 

to their roles in immune cells.

Interestingly, depletion of DOCK8 decreased the secretion of a subset of lysosomal 

cathepsins, reduced cathepsin B activity, and diminished tumor cell invasion. Cathepsin B, a 

cysteine protease, is widely expressed across tissues, is required for lysosome recycling and 

degradation of cargo, and is upregulated in cancer malignancies.6,8,12,57,62 Extra-lysosomal 

cathepsin B substrates go beyond ECM components and include E-cadherin, insulin-like 

growth factor-1 (IGF-I), glucagon, and perilipin 1.63–65 High expression of cathepsin B in 

PDAC correlates with a poor prognosis.66 In addition, a genetic mouse model demonstrated 

that depletion of cathepsin B extends survival time and decreases metastasis. Similarly, 

tumor growth was upregulated in a flank injection model in mice injected with cells 

expressing cathepsin B, compared to control cells.8 Together, these studies link cathepsin 

B to PDAC outcomes.

DOCK8 GEF function activates Rac1 and Cdc42 and links Cdc42 to WIP and Talin 

to drive actin nucleation in immune cells.34,45,48 In migratory cancer cells, GEF action 

is well studied in actin polymerization in the invasive leading edge. Indeed, actin 

dynamics are a main driver of invasion and migration through leading-edge dynamics 

and mechanotransduction, and treatment with inhibitors of actin polymerization including 

cytochalasins inhibits tumor growth and invasion.67,68 While DOCK8 likely impacts actin 

in multiple subcellular regions, the data presented here suggest that DOCK8 also promotes 

actin dynamics at lysosomes. DOCK8 may drive actin-based lysosome motility by inducing 

actin nucleation and actin comet formation at lysosomal membranes or by actin-myosin-

dependent lysosome movement.69,70 Further, lysosomal actin may control membrane 

dynamics and modulate lysosome fission, fusion, and tubulation, which may regulate 

lysosome size.54,71,72 Indeed, disruption of F-actin leads to enlarged lysosomes (Figures 

4H and 4I). In addition, the Arp2/3 activator Wiskott-Aldrich syndrome protein and SCAR 

homolog (WASH) is required for lysosome maturation and recycling of cathepsins.73 Thus, 

it is possible that DOCK8-mediated Cdc42 activation leads to actin-regulated lysosome 

maturation and cathepsin recycling. The pathway by which specific cathepsins are trafficked 

and recycled are not comprehensively known.74–79 We propose that DOCK8-dependent 

actin regulation may affect the trafficking, lysosomal targeting, and activation of the subset 

of cathepsins identified in Figure 5A. Further studies are required to elucidate how DOCK8 

selectively regulates a subset of cathepsins including cathepsin B. Together, these data 

suggest that KRAS-dependent upregulation of DOCK8 in PDAC enhances its association 

with lysosomes and promotes actin nucleation to maintain lysosome homeostasis. Of 

note, while we could readily detect DOCK8 on lysosomes using biochemical means, the 

localization of DOCK8 was detectable by microscopy on a subset of lysosomes and in a 
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subset of cells, while the majority of DOCK8 appeared localized in the cytoplasm. This 

suggests that DOCK8’s lysosomal association may be dynamic or regulated by secondary 

factors, or that its detection may be limited by technical factors.

While oncogenic KRAS enhanced expression of DOCK8 at the transcript and protein levels, 

not all PDAC cell lines with oncogenic KRAS mutations express DOCK8, suggesting a 

more complex regulatory mechanism of DOCK8 expression. It will be interesting to define 

the mechanisms regulating DOCK8 expression in PDAC cells and to determine if a specific 

subset of tumor cells elevate DOCK8 levels. It is important to note that tumor cells that do 

not express DOCK8 may still undergo invasion and metastasis, likely due to the aberrant 

expression of a different GEF.26,27 For example, the GEF Vav1, which is an activator of 

Rho GTPases Cdc42 and Rac1, is also ectopically expressed in a subset of PDACs.26 Thus, 

it is possible that different PDAC tumors use different GEFs to drive cell invasion. Indeed, 

PDAC cells express a variety of Cdc42 GEFs including VAV1, VAV2, FGD1, and B-PIX, 

among others,28 and many cell lines have unique patterns of GEF expression. Yet, tumors 

with upregulated DOCK8 expression become dependent on it for growth and invasion, 

making it an essential factor for tumor progression and metastasis and thus a potential 

therapeutic target.

Our data revealed that depletion of DOCK8 results in a substantial reduction in tumor cell 

invasion in vitro and in vivo, with moderate and mixed effects on cell viability. This was 

surprising given the modest effects of DOCK8 on cell proliferation in vitro (Figure S4H) 

and suggests both clonal variation and that DOCK8 may interact with factors in the tumor 

microenvironment to promote proliferation in some contexts. Invasion was significantly 

reduced in both cases, though for clone 1 in vivo, this may be attributed to reduced tumor 

size. DOCK8-dependent cathepsin B regulation may impact tumor growth, as cathepsin 

B promotes tumor growth and metastasis in multiple cancers including PDAC.8,56,80,81 

In addition, the contribution of the tumor microenvironment, particularly immune cell 

infiltration or the dense ECM, could also contribute to impaired tumor growth. To this 

point, DOCK8-deficient T cells undergo cytothripsis (cell shattering) when migrating though 

ECM.82 Thus, loss of DOCK8 may sensitize tumor cells to a harsh, desmoplastic PDAC 

microenvironment. Future studies will shed light on how DOCK8 expression in pancreatic 

tumor cells interacts with the tumor microenvironment to promote tumor growth.

In summary, these results reveal a mechanism by which KRAS regulates lysosome-

dependent tumor cell invasion through DOCK8 in vitro, as well as tumor metastasis in 
vivo. These findings highlight the importance of DOCK8 as a potential therapeutic target to 

abrogate PDAC progression and metastasis.

Limitations of the study

Pancreatic tumors are quite heterogeneous, which makes it difficult to determine the 

subpopulations of tumors or tumor cells in which DOCK8 expression promotes tumor 

growth and progression. This is further complicated by the expression of DOCK8 in immune 

cells, the limitations of antibodies for staining of endogenous DOCK8, and the mixed effects 

of DOCK8 on tumor growth. While we cannot rule out the effects of DOCK8 on regulating 

tumor growth in vivo, the inhibition of dissemination in vivo, even in the presence of a 
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large primary tumor, is consistent with the in vitro data demonstrating that loss of DOCK8 

consistently reduces tumor cell invasion.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for reagents should be directed to and 

will be fulfilled by the lead contact, Gina Razidlo, PhD. (Razidlo.Gina@mayo.edu).

Materials availability—All the materials generated in this study are accessible upon 

request.

Data and code availability

• Comparative lysosome proteomic data has been deposited in MassIVE: 

https://massive.ucsd.edu/ProteoSAFe/static/massive.jsp. Dataset accession is 

MSV000091036. Western blot images and CRISPR KO sanger sequencing have 

been deposited at Mendeley Data: https://doi.org/10.17632/zmwy6bgfg8.1. RNA 

sequencing data from pancreatic cancer organoids have been deposited in Gene 

Expression Omnibus: GSE185335.

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this work 

paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice—Animals were maintained under specific pathogen-free conditions. Wild type 

C57BL/mice were purchased from the Jackson Laboratory. Female and male mice at 8 

weeks of age were used for experiments. The laboratory animal facility of Mayo Clinic has 

been accredited by AAALAC (Association for Assessment and Accreditation of Laboratory 

Animal Care International) and animal studies were conducted under protocols approved by 

the Institutional Animal Care and Use Committee (IACUC) at Mayo Clinic.

Cell lines—mKPC, 6741-P, Capan1, Panc1, DanG, CFPAC, MIA PaCa2, HPAFII, HuPT3, 

and HEK293T cells were cultured in DMEM (Corning, 10-013-CV). L3.6 cells were 

cultured in DMEM with no phenol red (Corning, 17-205-CV). Panc04.03, and BxPC3 

were cultured in RPMI (Corning, 10-040-CV). iKRASG12D cells were cultured in RPMI 

supplemented with 1 μg/mL doxycycline hyclate (Sigma, D9891) or 72-h doxycycline 

withdrawal to revert cells to WT KRAS. RAW 264.7 macrophages were cultured in DMEM. 

Media was supplemented with 10% FBS and Penicillin/Streptomycin (Gibco, 15140-122). 

HPDE cells were cultured in keratinocyte-SFM containing epidermal growth factor, bovine 

pituitary extract, and Pen/Strep (Gibco, 15140-122). Cell lines were obtained from ATCC 

or kindly provided by Dr. David Tuveson (mKPC T4-2D; Cold Spring Harbor Laboratory, 

Cold Spring Harbor, NY),36 Dr. Marina Pasca di Magliano (iKRASG12D, 4292; University 

of Michigan, Ann Arbor, MI),13,32 Dr. Daniel Billadeau (HPDE; CFPAC, RAW 264.7 

Mayo Clinic, Rochester, MN), or 6741-P are human patient–derived xenograft (PDX) cells 
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isolated from pancreatic tumors implanted in nude mice41 and were provided by the Mayo 

Clinic SPORE in Pancreatic Cancer. Cell lines were authenticated by IDEXX BioAnalytics. 

Authentication of the PDX-derived 6741 cell line showed high similarity with PaTu8898, 

and thus are denoted as 6741-P. Cells were tested for Mycoplasma by PCR (Southern 

Biotech) and Hoechst staining. Cells were treated with DMSO (Sigma, D2438-10ML). 

Bafilomycin A1 (Cayman Chemical, 11038), CA-074ME (Cayman Chemical, 18469), 

Cytochalasin D (Cayman Chemical, 11330), Staurosporine (Cayman Chemical, 81590).

METHOD DETAILS

Plasmids, transfections and generation of stable cell lines—Lipofectamine 

2000 (Invitrogen, 11668019) was used for plasmid transfections. pCI2-DOCK8-

YFP, pCI2-DOCK8-V1985A-YFP, and pLenti6.3. F-MCS were kindly provided 

by Dr. Daniel Billadeau. Human cathepsin B was provided by Dr. Hyeryun 

Choe (Addgene plasmid #11249)84 and was cloned into pmCherry-N1 (Clontech, 

632523). Briefly, pmCherry-N1 and pLenti6.3. F-MCS vectors were digested with 

XhoI (New England BioLabs, R0146S) and BamHI (New England Biolabs, 

R3136S) for 1 h at 37°C. Human cathepsin B was PCR amplified with 

primers: Fwd 5′- CCGCTAGCGCTACCGGACTCAGATCTCGAGATGTGGCAGCTCTG 

GGCCTCC-3′ and Rev 5′- 

GCTCACCATGGTGGCGACCGGTGGATCCCGGGCGGGGGCCACCTGGCTGG-3’. 

Full length DOCK8 was PCR amplified in two parts using 

primers: Fwd1 5′-GATTACAAGGATGACGACGATAAGGGATCCATGGCCACTCTGCC 

GAGCGC-3′, Rev1 5′ 
GAGAAGGTCATACAAGAAGAAAGCCAGGCTGATGTTCATCTTTTCCGCCT-3′, 

Fwd2 5′-AGCCTGGCTTTCTT 

CTTGTATGACCTTCTCTCCCTCATGGATCGGGGCTT-3’. Rev2 

5′- CGATCATTACTAACCGGTACGCGTCACTCGAGTTAGCTGCC 

CTGTGACAACTGG-3’. DOCK8-DHR2-HA was cloned into pcDNA3.1-HA provided 

by Dr. Oskar Laur (Addgene plasmid #128034). In brief pcDNA3.1-HA was 

digested with BamHI BamHI (New England Biolabs, R3136S) and EcoRV (New 

England Biolabs, R0195S) for 1 h at 37°C. The DHR2 domain of DOCK8 

was PCR amplified using pCI2-DOCK8-YFP as template with primers: Fwd: 5′-

ATTACGCTGGTACCGAGCTCCTCCGGAGGTTCATGTACACCACCCCGTTCACC-3′ 
and Rev: 5′ CGGCCGCCACTGTGCTGGAT 

TTAGCTGCCCTGTGACAACTGGGTTTCACATTTCC-3’. Q5 High-Fidelity DNA 

Polymerase (New England BioLabs, M0491S) was used for PCR amplification. Digested 

vectors and PCR products were gel purified using Illustra GFX 96 PCR purification kit 

(Cytiva, 28-9034-71). Human cathepsin B was cloned into pmCherry-N1, and DOCK8 

or DOCK8-V1985A (GEF inactive) were cloned into the pLenti6.3. F-MCS lentiviral 

vector, and and DOCK8-DHR2-HA was cloned into pcDNA3.1-HA using NEBuilder HiFi 

DNA Assembly (New England BioLabs, E2621L). pEGFP-N1-LAMP1 was previously 

described.85 pEGFP-N1 (Clontech, 6085-1). pBabe-Kras Wt was provided by Dr. Channing 

Der (Addgene plasmid #75282). Tmem192-3xHA was a gift from Dr. David Sabatini 

(Addgene plasmid #102930).33 To generate stable cells, lentivirus was produced by 

cotransfecting HEK293T cells with pLJC5-Tmem192-3xHA, pLenti6.3. F-MCS, pLenti6.3. 
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F-MCS-DOCK8, or pLenti6.3. F-MCS-DOCK8-V1985A with VSV-G-pseudotyped viral 

packaging plasmids (provided by Dr. Y. Ikeda, Mayo Clinic). After 72 h, conditioned 

media containing lentivirus was collected and passed through 0.45mm filters. Cells were 

transduced with lentivirus for 72 h in the presence of 10mg/ml polybrene (Millipore, 

TR1003-G). Cells were then selected with puromycin (Gibco, A1113—03) or blasticidin 

(Gibco, A11139-03) for 72 h to obtain stable cells. The stable cell lines were tested 

for the presence of replication-competent lentivirus using an ELISA for lentiviral p24 

(QuickTiter Lentivirus Titer Kit, Cell Biolabs, Inc, VPK-107-T), and the signal was 

below the limit of detection. siGENOME Mouse DOCK8 (Dharmacon, M-026106-01-0005) 

or siGENOME Human DOCK8 (Dharmacon, M-056235-01-0005) siRNA SMARTpools 

(DOCK8siP), mouse DOCK8si1 (Dharmacon, D-056235-01-0010), mouse DOCK8si2 

(Dharmacon, D-056235-04-0010), Human DOCK8si1 (Dharmacon, D-026106-02-0010), 

Human DOCK8si2 (Dharmacon, D-026106-04-0010) individual siRNA, and On-Target Plus 

nontargeting siRNA control (Dharmacon, D-001810) were used for knockdowns. siRNA 

was transfected using RNAiMAX (Invitrogen, 13778-150).

Immunoblotting—Cells were lysed in ice-cold NP-40 lysis buffer (20mM Tris-HCl, 

pH8, 137mM NaCl, 10% glycerol, 1% IGEPAL, 2mM EDTA, pH8) supplemented with 

Complete Protease Inhibitor Cocktail (Roche, 11873580001) and PhosSTOP (Roche, 

4906845001). Protein concentration was measured by BCA protein assay (Thermo Fisher 

Scientific, 23225). Equal amounts of protein were resolved on SDS-PAGE gels and 

transferred to PVDF (Millipore, IPVH00010) membrane. Membranes were probed with 

primary antibodies: Abcam: DOCK8 (ab227529), LAMP2A (ab18528). Cell Signaling: 

Flag (8146S), HA (2367S), mCherry (43590S), cathepsin B (31718S), TOM20 (42406S), 

GM130 (12480S), GAPDH (5174S), phospho-ERK 1/2 (4377S), ERK 1/2 (9102S), mTOR 

(2983), COXIV (11967S), EGFR (2232S), p62 (5114), LC3B (2775), RAB7 (9367S), 

Cleaved Caspase 3 (9661S), Caspase 3 (9662S). LAMP1 (DHSB, 1D4B). Sigma: Actin 

(A2066), KRAS (WH0003845M1), Santa Cruz: cathepsin D (sc-377124), cathepsin L 

(sc-390367), GFP (Roche, 11814460001). Secondary horseradish peroxidase-conjugated 

antibodies (Invitrogen), HyBlot CL film (LabForce, 1141J52), and SuperSignal West Pico 

PLUS (Thermo Fisher Scientific, 34579) were used to detect immunoreactive signals. Band 

densitometry was quantitated with ImageJ. Full Western blot images have been deposited at 

Mendeley Data (https://doi.org/10.17632/zmwy6bgfg8.1).

Protease secretion detection—Nontargeting control or DOCK8siP were transfected 

into 6741-P cells. 48 post-knockdown, cells were washed three times with HBSS (Corning, 

21-021-CV), and incubated overnight in serum free DMEM. After 24 h, conditioned media 

was collected and centrifuged for 5 min at 1,200 RPM at 4°C. The supernatant was collected 

and Proteome Profiler Human Protease Array Kit (R&D Systems, ARY021B) was used 

to detect secreted proteases following the manufacturer’s protocol. A map of the Protease 

secretion array is provided in Mendeley Data under supplementary data.

Immunofluorescence microscopy—For LAMP1 and actin immunofluorescence 

staining, cells were fixed with methanol at −20°C for 15 min. For immunofluorescence 

staining of transwell filters and others, cells were fixed with formaldehyde fixing buffer 
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(0.1M PIPES, pH6.9, 1Mm EGTA, 3mm MgSO4, 2.5% formaldehyde), and permeabilized 

with 0.1% Triton X-100 (Sigma, 93443) for 2 min. Fixed cells were incubated in blocking 

buffer (5% goat serum, 5% glycerol, 0.04% Na-azide, ph7.2) for 1 h at 37°C. Cells were 

probed with primary antibodies: LAMP1 (Santa Cruz, sc-20011) for Human cells), LAMP1 

(DSHB, 1D4B) for murine cells, HA (Cell Signaling, 23676), actin (Sigma, A2066). 

Secondary antibodies were from Invitrogen: Anti-Mouse-Alexa Fluor 488 (A11029), Anti-

Rat-Alexa Fluor 488 (A11006), Anti-Rabbit-Alexa Fluor 594 (A11037). Phalloidin-FITC 

was from Sigma (P5282). Nuclei were stained with Hoechst 33342 (Invitrogen, H3570). 

Coverslips were mounted on ProLong Gold antifade mountant (Invitrogen, P36934). Images 

were acquired on a Zeiss LSM-980 or a Zeiss LSM-780 confocal microscope with a 63x 

or 403 oil objective lens, respectively, and Zen software. Quantitation of lysosome area and 

actin mean fluorescence intensity was done using ImageJ. In brief, the Auto Local Threshold 

function was used to threshold lysosomes, then the following functions were performed in 

order: convert to mask, fill holes, watershed. The Analyze Particles function was used to 

measure lysosome area. For actin quantitation at lysosomes, a further step was performed. 

A 0.4μm band around thresholded lysosomes was drawn using the function ‘‘Make Band’’, 

then all ROI were selected, and actin mean fluorescence intensity was measured. Cortical 

actin was measured and used to normalize lysosomal actin. Manders’ overlap coefficient was 

measured using the JaCoP plug-in in ImageJ86.

Actin polymerization assay—Cells were transfected with GFP-Lamp1, following 

DOCK8 knockdown, and plated onto coverslips. The next day cells were cultured in 

serum free media for 3 h. 12 μM Rhodamine-labeled G-actin (Cytoskeleton, AR05) was 

reconstituted in G-actin buffer (5 mM Tris-HCl, 0.2 mM CaCl2, 0.2 mM ATP, 1 mM 

DTT, pH 8.0). Cells were permeabilized with Buffer C (138 mM KCl, 10mM PIPES, 0.1 

mM ATP, 3 mM EGTA, 4 mM MgCl2, 1% BSA, 0.025% saponin, pH 6.9) containing 

1μM Rhodamine-labeled G-actin for 15 min at room temperature. Cells were fixed with 

3% formaldehyde fixation buffer (0.1M PIPES, pH6.9, 1mM EGTA, 3mM MgSO4, 2.5% 

formaldehyde) for 20 min and gently washed with PBS. Nuclei were stained with Hoechst 

33342 (Invitrogen, H3570) and coverslips were mounted onto glass slides with Prolong 

Gold (Invitrogen; #P36934). Images were acquired using a Zeiss LSM 980 confocal 

microscope with Zeiss Zen software. Quantitation of polymerized Rhodamine-G-actin mean 

fluorescence intensity associated with lysosomes was done using ImageJ as described above.

Migration and transwell invasion and assays—For transwell invasion assays, 3 

× 105 cells were seeded in the upper chamber of 8μm pore Matrigel-coated transwell 

filters (Costar, 3428) in 0.1% FBS media and allowed to invade for 20 h toward the 

lower chamber containing media supplemented with 10% FBS. Filters were cut and fixed 

with 2.5% formaldehyde followed by nuclei staining with Hoechst 33342 on the top and 

bottom of the filters (Invitrogen, H3570) and mounted on slides with ProLong Gold antifade 

mountant (Thermo Fisher Scientific, P36930). The filters were imaged by fluorescence 

microscopy to distinguish the cells on the top (uninvaded) and bottom (invaded) of the 

filter. Transwell invasion percent was calculated by quantitating the nuclei on the top and 

bottom of the filter (at least 500 cells were scored per each of three independent biological 

replicates) and dividing the number of nuclei on the bottom of the filter by the total number 

Gutierrez-Ruiz et al. Page 16

Cell Rep. Author manuscript; available in PMC 2023 October 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of nuclei. For Cathepsin B-mCherry overexpression experiments, only cells expressing 

mCherry or Cathepsin B-mCherry were scored. Cells were pretreated with 1μM Bafilomycin 

A1 (Cayman Chemical, 11038) for 5 h, or 20μM CA-074ME (Cayman Chemical, 18469) 

overnight, before and during transwell invasion assays. For wound healing assays, cells 

were plated into a monolayer in each well of an Ibidi Culture-Insert 2 well system (Ibidi, 

80209) after knockdown of DOCK8. The next day the ibidi chambers were removed, cells 

were carefully washed with HBSS and allowed to migrate in fresh culture media. Three 

brightfield images per insert were taken at t = 0 and t = 8h. Migration distances were 

quantitated using ImageJ by drawing the border on the leading edge of the migrating cells 

and measuring the area.

Lysosome immunoprecipitation (LysoIP)—Lysosomes were isolated as previously 

described33 with minor modifications. In brief, 4 × 106 iKRASG12D cells stably expressing 

TMEM192-HA, compared to no TMEM192-HA as a negative control, were seeded on 

five 15cm dishes per condition and cultured with 1 μg/mL doxycycline hyclate (Sigma, 

D9891) or following doxycycline withdrawal for 72 h. Panc 04.03 cells stably expressing 

TMEM192-HA, or not expressing as a negative control, were plated similarly. Cells 

were washed 3 times with PBS (Corning, 21-040-CV), scraped in 1mL of ice-cold 

KPBS buffer (136mM KCl, 10mM KH2PO4, 2mM EDTA, pH 7.25) supplemented with 

Complete EDTA free Protease inhibitor. Cells were centrifuged at 1000xG for 2 min at 

4°C, resuspended in 1mL ice-cold KPBS, and homogenized by 30 strokes with a 2mL 

homogenizer. Cell homogenate was centrifuged at 1000xG for 2 min at 4°C, 100μL of 

supernatant was collected (whole cell lysate), and the remaining supernatant was incubated 

with 100μL of Pierce Anti-HA magnetic beads (Thermo Fisher Scientific, 88837) for 30 

min on an end-over-end rotator at 40°C. Beads were collected on the side of the tube 

with a magnet and washed five times with KPBS, and five times with KPBS+ buffer 

(170mM KCl, 10mM KH2PO4, 2mM EDTA, pH 7.25) supplemented with Complete EDTA 

free Protease inhibitor, followed by two gentle washes with KPBS+ on the vortex. The 

beads were collected with a magnet, the supernatant was discarded, and the beads were 

resuspended in 100μL of KPBS buffer. The purity of isolated lysosomes was validated by 

immunoblotting of lysosome markers (TMEM192-HA, LAMP2A, cathepsin B), lysosome 

binding proteins (mTOR, Rab7), and non-lysosome markers (GM130, Golgi; COXVI, 

TOM20, mitochondria).

For proteinase K degradation of extraluminal lysosome-associated proteins, isolated 

lysosomes bound to anti-HA magnetic beads were resuspended in ice-cold proteinase K 

buffer, (33.3 mM HEPES, 1mM CaCl4, pH 7.4) and treated with increasing concentrations 

of Proteinase K (0, 0.1, 0.25, 0.5 μg/mL) for 15 min on ice. Digestion was terminated with 

a final concentration of 1mM AEBSF (Sigma, SBR00015). Equal volumes of samples were 

used for immunoblotting.

Lysosome comparative mass spectrometry analysis—Isolated lysosomes from 

three independent biological replicates were resolved in an SDS-PAGE gel followed by 

staining with Bio-Safe Coomassie G-250 (BioRad, 1610786) and submitted for mass 

spectrometry analysis at the Mayo Clinic Proteomics Core. For iKRAS 4292 cells, sample 
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groups included no TMEM192-HA control, TMEM192-HA + doxycycline (KRASG12D), 

or TMEM192-HA without doxycycline (KRAS WT).

In-gel tryptic digestions were performed by excising gel lanes and mincing them into 1 

mm cubes. Gel pieces were suspended in 200 mM Tris pH 8.2 prior to destaining with 

40% acetonitrile/50 mM Tris pH 8.2, and dehydration with 100% acetonitrile. These three 

steps were repeated until color was removed from gel pieces. Destaining was followed by 

reduction with 50 mM TCEP for 30 min at 60°C, dehydration with acetonitrile, alkylation 

with 25 mM iodoacetamide/50 mM Tris pH 8.2 for 30 min at room temperature in the 

dark, and dehydration with acetonitrile prior to trypsin digestion. Proteins were in-gel 

typsin digest with 80 μL of 0.002 μg/μL trypsin (Promega Corporation, Madison, WI) 

prepared in 25 mM Tris pH 8.2/0.0002% Zwittergen 3–16 and incubated overnight at 37°C. 

Peptide extraction was accomplished by adding 4% trifluoroacetic acid and acetonitrile to 

the digestion solution and incubated at room temperature for 40 min. Liquid was saved. A 

second extraction of acetonitrile was added to the gel pieces for 10 min and saved with the 

initial extraction. Extractions were dried and stored at −20°C.

Tryptic peptides were suspended in sample buffer (0.2% formic acid/0.1% TFA/

0.002% zwittergent 3–16). A portion of the sample was analyzed by nano-flow liquid 

chromatography electrospray tandem mass spectrometry (nanoLC-ESI-MS/MS) using a 

Thermo Scientific Q-Exactive Mass Spectrometer (Thermo Fisher Scientific, Bremen, 

Germany) coupled to a Thermo Ultimate 3000 RSLCnano HPLC system. The digest peptide 

mixture was loaded onto a 330 nL Halo 2.7 ES-C18 trap (Optimize Technologies, Oregon 

City, OR). Chromatography was performed using a 2%–40% gradient of solvent B over 

90 min where solvent A is (98% water/2% acetonitrile/0.2% formic acid) and solvent B is 

(80% acetonitrile/10% isopropanol/10% water/0.2% formic acid). Peptides were eluted at a 

flow rate of 400 nL/min from the trap through a PicoFrit (New Objective, Woburn, MA) 

100 μm × 33 cm column hand packed with Agilent Poroshell 120 EC C18 packing (Agilent 

Technologies, Santa Clara, CA). Q-Exactive mass spectrometer was set to acquire an ms1 

survey scans from 340 to 1600 m/z at resolution 70,000 (at 200 m/z) with an AGC target of 

3e6 ions and a maximum ion inject time of 60 msec. Survey scans were followed by HCD 

MS/MS scans on the top 15 ions at resolution 17,500 with an AGC target of 2e5 ions, and 

maximum ion inject time of 60 msec. The isolation window set at 2.5 m/z with a 0.3 m/z 

offset. Dynamic exclusion placed selected ions on an exclusion list for 40 s.

Analysis was performed using MaxQuant and Perseus software (both from Max Planck 

Institute of Biochemistry, Martinsried, Germany). MaxQuant software, version 1.6.7.0, 

was used to extract, time align, and database search (Uniprot mouse, 2019_05 release 

date) chromatographic extracted peptide peaks generated from mass spectrometry files.87,88 

Label-free relative quantitation parameters within the MaxQuant software were used to 

generate normalized protein intensities89 reported in the proteins group table. Perseus 

software, version 1.6.7.0, was used to perform differential expression of identified 

proteins.90 Briefly, protein intensities were log2 transformed, missing values were imputed 

(0.3 width, 1.8 downshift), students T test was performed in which an estimation of 

difference was calculated, and p values and q-values were reported. Protein groups with 
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a p value of ≤0.05, and a log2 difference of at least ±1 were considered as differentially 

enriched on lysosomes.

The proteomic data have been deposited in MassIVE (Welcome to MassIVE (ucsd.edu)) 

through ProteomeXchange (http://www.proteomexchange.org/). Dataset accession is 

MSV000091036.

Extracellular matrix degradation assay—Extracellular matrix degradation was 

measured following two similar approaches. In the first approach, cells were embedded 

in matrix composed of 75μg/ml of DQ-Collagen Type I (Invitrogen, D12060) and 5 mg/ml 

Matrigel (Corning, 356231). In the second approach, cells were plated on coverslips coated 

with matrix composed of 75μg/ml of DQ-Collagen Type I (Invitrogen, D12060) and 0.2% 

gelatin (Sigma, G815′−100G). Matrix degradation was carried out for 48h. Cells from the 

first approached were imaged live, whereas cells from second approach were fixed with 

2.5% formaldehyde fixing buffer as described above. Nuclei were stained with Hoechst 

33342 (Invitrogen, H3570). The mean fluorescence intensity of cleaved DQ-Collagen was 

quantitated with ImageJ. In brief, the Auto Local Threshold function was used to threshold 

cleaved DQ-collagen I fluorescent spots, then the following functions were performed in 

order: convert to mask, watershed. The Analyze Particles function was used to measure 

DQ-Collagen I mean fluorescence intensity. For cathepsin B-mCherry overexpression 

experiments, only cells expressing mCherry or Cathepsin B-mCherry were scored.

Lysosome activity assays—Cathepsin B proteolytic activity was assessed in control or 

DOCK8 knockdown cells, as well as in cells treated with DMSO or 2μM Cytochalasin D 

(Cayman Chemical, 11330) for 5 h. Cathepsin B proteolytic activity was assessed using 

Magic Red Cathepsin B Assay (Immunochemistry, 937). Cells were seeded on coverslips 

at 70% confluency overnight. Coverslips were inverted onto 80μL of 1x Magic Red 

Cathepsin B in media supplemented with 10% FBS and incubated for 30 min at 37°C 

covered from light. Coverslips were washed twice with HBSS and cultured for 5 min 

in media supplemented with 10% FBS and Hoechst 33342 (Invitrogen, H3570) to label 

nuclei. Coverslips were mounted on 50μL of media on slides and images of live cells were 

acquired using a Zeiss LSM-980 confocal microscope with a 63× oil objective lens and Zen 

software. Quantitation of Magic Red mean fluorescence intensity was done using ImageJ. 

In brief, the Auto Local Threshold function was used to threshold Magic Red Cathepsin B 

fluorescent spots, then the following functions were performed in order: convert to mask, 

watershed. The Analyze Particles function was used to measure Magic Red Cathepsin B 

mean fluorescence intensity, which was normalized to cell number and then to nontargeting 

control or DMSO (set to one for each of three independent biological replicates).

Changes to lysosome pH were tested in control or DOCK8 knockdown cells seeded 

on imaging dishes using pH-sensitive LysoTracker. Cells were cultured with 1:20,000 

LysoTracker deep red (Invitrogen, L12492) in media with 10% FBS for 1 h at 37°C. Nuclei 

was labeled using Hoechst 33342 (Invitrogen, H3570). Cells were washed three times with 

HBSS followed by addition of media with 10% FBS. Images were acquired in live cells 

using a Zeiss LSM-780 confocal microscope with a 40× oil objective lens and Zen software. 
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Quantitation of LysoTracker mean fluorescence intensity was done using ImageJ following 

the same methods as for Magic Red Cathepsin B mentioned above.

To measure degradation of the EGF Receptor, control or DOCK8 knockdown cells were 

cultured with 50 mg/ml EGF (E9644-2MG) for 0, 1.5, 2.5, and 5 h (6741P), 0, 6, 12, and 

17 h (L3.6), or 0, 4, 18, 43 h (Panc04.03) at 37°C. Cell lysates were collected, and EGFR 

protein levels were assessed by immunoblotting as described above. Band densitometry was 

quantitated with ImageJ. For DQ-BSA assays, control or DOCK8 knockdown cells were 

cultured overnight in serum-free media, incubated with 0.5 mg/ml DQ-BSA (Invitrogen, 

D12050) and 1 mg/mL 70 kDa tetramethylrhodamine (TMR)-dextran (Thermo Fisher 

Scientific, D1818) in serum-free media for 1 h at 37°C. Cells were washed three times with 

HBSS, cultured in media with 10% FBS for 0 and 3 h, fixed with formaldehyde fixing buffer 

(0.1M PIPES, pH6.9, 1Mm EGTA, 3mm MgSO4, 2.5% formaldehyde). Nuclei were labeled 

using Hoechst 33342 (Invitrogen, H3570). Images were acquired using a Zeiss LSM-980 

confocal microscope with a 63× oil objective lens and Zeiss Zen software. Quantitation of 

DQ-BSA and TMR-dextran puncta mean area was performed using ImageJ.

Transcriptomic data analysis—DOCK8 gene expression in pancreatic cancer was 

assessed by combination of analysis of publicly available databases and RNAseq performed 

at the Mayo Clinic. Transcriptomic data from normal pancreas (The Genotype-Tissue 

Expression, (GTEx)) and pancreatic cancer tumors (The Cancer Genome Atlas, TCGA) 

were analyzed and compared using TNMplot.91 Expression of DOCK8 in pancreatic cancer 

cells was determined by analysis of RNA seq data from pancreatic cancer PDOs generated 

by Crown Bioscience (https://www.crownbio.com/databases) and from the Cancer Cell Line 

Encyclopedia through XenaBrowser. Z score was calculated using gene expression values.

For PDAC PDOs generated at the Mayo Clinic, surgically resected tumor specimens 

were collected for research with informed consent with approval the Mayo Clinic Internal 

Review Board and deidentified. Tissues were minced and dissociated using a human Tumor 

Dissociation Kit (Miltenyi Biotec, 130-095-929) and plated in a 12-well flat bottom culture 

plate (Corning, 3513) coated with Matrigel (Corning, 354-230) in PaTOM media containing 

DMEM + Glutamax (Gibco; 10564-011), 0.1% Penicillin-Streptomycin-Amphotericin B 

Solution, 0.25 μg/mL hydrocortisone (Sigma; H0888), 1% B27 (Gibco; 12587-010), 50 

μg/mL L-Ascorbic acid (Sigma; A92902), 20 μg/mL insulin (Sigma; I9278), 100 ng/mL 

FGF2 (R&D Systems; 233-FB), and 100 nM all-trans retinoic acid (Sigma; R2625). 

RNA was extracted from the PDAC PDOs using the Qiagen RNeasy Micro Kit (Qiagen; 

74004). cDNA libraries were prepared using 200 ng of total RNA according to the 

manufacturer’s instructions for the TruSeq Stranded mRNA Sample Prep Kit (Illumina). 

The concentration and size distribution of the completed libraries were determined using 

an Agilent Bioanalyzer DNA 1000 chip and Qubit fluorometry (Invitrogen). Libraries were 

sequenced at 6 samples per lane following Illumina’s standard protocol using the Illumina 

cBot and HiSeq 3000/4000 PE Cluster Kit. The flow cells were sequenced as 100 X 

2 paired end reads on an Illumina HiSeq 4000 using HiSeq 3000/4000 sequencing kit 

and HD 3.4.0.38 collection software. Base-calling was performed using Illumina’s RTA 

version 2.7.7. RNA-seq FASTQ files were aligned using STAR version 2.7.8a to the human 

reference genome GRCh38. Gene level counts were obtained using HTseq-count v.0.9.1 
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and read counts were normalized with R package DESeq2 version 2.11.40.7. Z score was 

calculated using gene expression values.

The organoid RNA-seq data are deposited and available in the NCBI Gene Expression 

Omnibus (GEO GSE185335).

qPCR mRNA analysis—iKRASG12D cells were cultured with 1 μg/mL doxycycline 

hyclate (Sigma, D9891) or 72-h doxycycline withdrawal to revert cells to WT KRAS. Other 

cell lines were cultured as described above. RNA was isolated using RNeasy Plus Mini Kit 

(Qiagen, 74134) and reverse transcribed with Super Script III First Strand Kit (Invitrogen, 

18080-51). DOCK8 gene expression was quantitated using SYBR green fluorescence 

on a LightCycler 480 (Roche, 04707516001) and primers for mouse DOCK8: Fwd 

5′-TCAGTTTATGTGCGGAGAAGAC-3′, Rev 5′-TGGCAGGGAGCTTAATTTTCAC 

−3’. Human DOCK8: Fwd 5′-CCGCACAAAGAGATTTTGGA-3′, Rev 

5′-TCAGCCTCTGTG GGTAGACA-3’. Mouse cathepsin B: Fwd 5′-

TCCTTGATCCTTCTTTCTTGCC-3′, Rev 5′-ACAGTGCCACACAGCTTCTTC-3’. 

Human cathepsin B: Fwd 5′-TTCTTGCGACTCTTGGGACTTC-3′, Rev 

5′-TGACGAGGATGACAGGGAACTA-3’.83 18S: Fwd: 5′-CGCTTCCTT 

ACCTGGTTGAT-3′, Rev: 5′-GAGCGACCAAAGGAACCATA-3′. Relative mRNA 

expression was determined by normalizing DOCK8 to 18S using the ΔΔCt method.

Cell viability and cell cycle analysis—Cell viability was assessed in control and 

DOCK8 knockdown cells. In brief, DOCK8 was knocked down using siRNA, and 48 h later 

cells were plated on a 96 well plate and allowed to proliferate for three days. MTT assay was 

performed using CellTiter 96 Aqueous Non-Radioactive Cell Proliferation Assay (Promega, 

G5421) following the manufacturer’s protocol. For the crystal violet assay, DOCK8 was 

knocked down, and 48 h later cells were plated in triplicate and allowed to proliferate 

for three days. Cells were fixed with 25% glutaraldehyde (Sigma, G6257) for 10 min 

and stained with 12.25mM crystal violet solution in 1:3 methanol and dH20 for 10 min. 

Cells were washed, dried overnight, and destained for 10 min in 1:1 Ethanol and 200mM 

sodium citrate solution (Sigma, S-4641). The absorbance was read at 550nm. To measure 

cell cycle distribution, mKPC CRISPR control or DOCK8 knockout cells were seeded in 

6 well plates for 3 days, then when at 80% confluence were trypsinized and resuspended 

in cell culture medium. The cells were pelleted, washed with PBS, and resuspended in 

75% ice-cold ethanol and incubated on ice 30 min. Following washing in PBS, cells were 

resuspended in 1mL PBS with RNase (60 μg/mL, Sigma, R4642) and propidium iodide (2.5 

μg/mL, Sigma, P4864) and incubated on ice for 45 min prior to analysis by flow cytometry 

in the Mayo Clinic Microscopy and Cell Analysis Core. The cells were analyzed using a 

BD FACSCanto 2-laser flow cytometer (BD Biosciences) using FACSDiva v8.0.1 software. 

Cells were collected in the 488C detector with a filter set of 585/42 nm. FlowJo software 

was used to gate and quantify the peaks for G0/G1, G2/M, and S phase.

CRISPR KO cell lines—DOCK8 was knocked out in mKPC cells using the 

CRISPR/Cas9 system. CHOPCHOP was used to design the gRNA (Fwd: 5′ 
CTTCCTTCCTTCCTTCCTTCC-3′ and Rev: 5′-ACACGGGGTGTTTGATTTCC-3′) to 

target exon 6 of murine DOCK8. gRNA was cloned into lentiCRISPR v2 (a gift from 
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Dr. Feng Zhang, Addgene plasmid #52961) as previously described.92 lentiCRISPR v2-

DOCK8-gRNA or control were transfected into mKPC cells. After 48 h, cells were selected 

with puromycin (Gibco, A11138-03). Single cell clones were isolated and expanded. 

DOCK8 knockout was validated by immunoblotting and Sanger sequencing. DOCK8-gRNA 

target region was PCR amplified using primers Fwd 5′-ATAGCTATGTTTGCATTTCC-3′ 
and Rev 5′-CCCCTCTATTGAAAA GATGCTG-3’. PCR fragments were gel purified and 

Sanger sequenced using the same primers used for PCR reaction. Control clones 1, 3 and 

DOCK8 clones 1, 2 were used for in vivo experiments (Sequencing results are deposited in 

Mendeley Data, https://doi.org/10.17632/zmwy6bgfg8.1).

In vivo tumor growth and metastasis—In vivo experiments were conducted under 

Institutional Animal Care and Use Committee approval and in accordance with the approved 

protocol. Pancreatic orthotopic injections were performed on syngeneic 8-week-old female 

and male C57Bl/6J mice93 (The Jackson Laboratories, 000664). Buprenorphine (0.5 mg/kg) 

was administered intraperitoneally an hour prior to the procedure. Mice were anesthetized 

with isoflurane, and 1 × 104 mKPC control clone 1 or 3, or DOCK8 KO clone 1 or 2 

cells were resuspended in 30μL of 50% (6.5 mg/ml) Matrigel in sterile PBS94 and were 

injected into the tail of the pancreas. A power analysis based on previous studies was used 

to calculate the total of 6 mice per group (n = 3 male and 3 female for each). Mice were 

observed and weighed daily for 7 days, then every other day for three weeks. Mice were 

sacrificed by CO2 inhalation compliant with the AVMA three weeks post-surgery. During 

necropsy, the abdominal cavity as well as chest were inspected. Metastases were detected 

primarily in the abdominal cavity, intestinal mesentery, spleen, and liver, and were counted. 

The mean tumor weight and mean number of metastases were calculated. Mice without 

a primary tumor were excluded from quantitation. Upon necropsy, pancreas, primary and 

metastatic tumors were resected and weighted. Tissues were washed with sterile PBS and 

fixed in 4% formaldehyde solution for 24 h at 4°C. Next, tissues were transferred to a 

30% sucrose solution (dissolved in sterile PBS) and incubated for 24 h at 4°C. Tissues 

were embedded and frozen in O.C.T. compound (Tissue-Tek, 4583), and then sectioned and 

stained with hematoxylin and eosin by the Mayo Clinic Biomaterials and Histomorphometry 

Core Laboratory. Normal pancreas, primary and metastatic tumors were verified by Mayo 

Clinic pathologist Dr. Lizhi Zhang. Images of H&E stained tissues were acquired with a 

Zeiss Axio Scope A1 using 2.5X and 20× objective lenses, and Zeiss Zen software.

Transmission electron microscopy—For standard transmission electron microscopy, 

samples were prepared as previously described.95 Briefly, cells on carbon-coated coverslips 

were rinsed in 37°C HBSS and fixed with 37°C primary fixative (100 mM cacodylate, 

pH 7.4, 60 mM sucrose, 2.5% glutar-aldehyde) for 1 h at room temperature, rinsed three 

times with washing buffer (100 mM cacodylate, pH 7.4, 200 mM sucrose) then fixed in the 

secondary fixative (50 mM cacodylate, pH 7.4, 100 mM sucrose, 1% OsO4) for 1 h at room 

temperature, rinsed three times in water and fixed in 1% uranyl acetate in water for 1 h 

at room temperature. Samples were then dehydrated in a graded ethanol series, embedded 

in Quetol 651 (Ted Pella, Redding, CA) and polymerized in a 65C oven overnight. After 

removal from the oven, the coverslip was removed from the bottom of the sample, the block 
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trimmed down to a trapezoid 1 mm wide at the base, and 100 nm thin sections were cut and 

viewed on a Jeol 1200 transmission electron microscope (Jeol Ltd, Tokyo, Japan).

Time-lapse live cell microscopy—Cells were cultured on 35 mm Petri dishes with an 

18 mm well and #1.5 coverglass (Cell E&G, #GBD00004-200). Imaging was performed on 

a Zeiss LSM980 + Fast Airyscan2 confocal microscope (Carl Zeiss, Thornwood, NY) using 

a 63× oil 1.4 NA objective lens with frames acquired every 10 s for 10 min (60 frames total 

for Lamp1-mCherry tracks) or every 3 s for 5 min (100 frames total for Lysotracker-FR 

tracks). After acquisition, the files were post processed by the Airyscan module and saved 

as.czi files.

Lysosomal tracking with TrackMate—The.czi files were imported into Fiji 

v.2.3.0/1.53F96 for analysis with the plugin TrackMate.97 Movie files were analyzed 

either manually (Lamp1-mCherry, 12 frames analyzed per movie, 3 cells per condition 

in each of 3 biological replicates) using the manual tracking function or by software 

automation (Lysotracker-FR movies, 100 frames analyzed). Automatic tracking of the 

lysotracker movies started with opening the file and identifying lysosomes using the LoG 

detector (Laplacian of Gaussian) (estimated object diameter: 0.75 (0.3 when indicated), 

quality threshold: 50.0, pre-process with median filter and sub-pixel localization boxes both 

checked), no initial thresholding, the LAP tracker (linear assignment problem mathematical 

framework) was then used to generate tracks (Max distance: 2.5 μm, gap closing allowed: 

max distance 1.5 μm, and max frame gap of 1 frame) and tracks were then filtered to only 

count tracks of 5 frames and longer. Colorized tracks representing ‘‘max distance traveled’’ 

were then generated and pseudocolored with a rainbow heatmap with red colors indicating 

longer distances and blue indicating shorter distances traveled.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantitation of microscopy images and immunoblots were performed using ImageJ. 

Adjustments of fluorescence intensity for all images were done uniformly in each individual 

experiment. Data was analyzed and graphed using GraphPad Prism. Graphs represent mean 

± SEM. p-values were calculated using a Student’s t-test, or Tukey test following one-way-

ANOVA.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Lysosomal proteomics of pancreatic cancer cells identified the Cdc42 GEF 

DOCK8

• Expression of DOCK8 promotes tumor cell proliferation and invasion

• DOCK8 controls lysosome size and motility by regulating lysosome-

associated actin

• DOCK8 regulates secretion of lysosomal cathepsins to promote invasion
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Figure 1. Lysosome proteomics reveal that DOCK8 is regulated by oncogenic KRASG12D

(A) Comparative proteomics of lysosomes isolated from iKRASG12D cells ± doxycycline 

(KRASG12D versus WT), showing enrichment of 57 proteins (right of blue line) and 

decrease of 138 proteins (left of blue line) on lysosomes from KRASG12D-expressing cells. 

Red point: DOCK8.

(B) DOCK8 associates with lysosomes. Immunoblotting of whole-cell lysates (WCLs) 

and isolated lysosomes from control iKRASG12D, or iKRASG12D-TMEM192-HA cells ± 

doxycycline, indicating enrichment of DOCK8 in cells expressing KRASG12D. LAMP1 and 

cathepsin B: lysosomal positive controls; TOM20, GM130, and GAPDH: negative controls.

(C) Quantitation of DOCK8 immunoblotting on isolated lysosomes from KRASG12D 

normalized to WT cells.

(D) Immunofluorescence of iKRASG12D-TMEM192-HA cells + doxycycline showing 

DOCK8-YFP (green) localization to TMEM192-HA (red) lysosomes.

(E) DOCK8 protein schematic, including DHR1 (green) and DHR2 (blue) domains, and a 

truncated mutant containing the DRH2 domain with HA tag (DOCK8-DHR2-HA).

(F and G) Immunofluorescence of iKRASG12D cells + doxycycline (F) and Panc04.03 cells 

(G) showing DOCK8-DHR2-HA (red) colocalization with LAMP1 (green) lysosomes.
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(H) Oncogenic KRASG12D increases DOCK8 expression. Immunoblotting of DOCK8 in 

cell lysates from iKRASG12D cells ± doxycycline. RAW 264.7 macrophages: positive 

control.

(I) Quantitation of DOCK8 immunoblotting normalized to actin, compared to KRASWT 

cells.

(J) Relative DOCK8 mRNA levels by qRT-PCR from iKRASG12D cells ± doxycycline, 

normalized to RAW 264.7 macrophages.

(K) Isolated lysosomes were treated with the indicated concentrations of Proteinase K. 

Intraluminal proteins cathepsin B and LAMP1 (intraluminal epitope) are protected from 

degradation, whereas proteins at the lysosomal surface (DOCK8, mTOR, Rab7) are sensitive 

to digestion. Scale bars, 10 μm.

Graphs: mean ± SEM of at least three independent biological replicates. Student’s t test: *p 

< 0.05; **p < 0.01; ***p < 0.001; ****p ≤ 0.0001.

See also Figure S1.
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Figure 2. DOCK8 is ectopically expressed in a subset of pancreatic cancer tumors and is 
required for cancer cell invasion in vivo and in vitro
(A–D) Relative DOCK8 mRNA expression in (A) normal, healthy pancreas (GTEx) and 

pancreatic cancer tumors (TCGA), patient-derived organoids (PDOs) generated at (B) the 

Mayo Clinic or (C) Crown Bioscience, and (D) pancreatic cancer cell lines (Cancer Cell 

Line Encyclopedia).

(E) Immunoblotting of DOCK8 in pancreatic cancer cell lines. RAW 264.7 macrophages: 

positive control; non-cancerous HPDE (human pancreatic ductal epithelial) cells: negative 

control.
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(F) Immunoblotting of DOCK8 in three independent control or DOCK8 CRISPR knockout 

mKPC cell clones. GAPDH: loading control.

(G) Control and DOCK8 knockout average tumor weight (mg) from syngeneic orthotopic 

tumors in male (blue squares) and female (red triangles) mice.

(H) Representative images of control or DOCK8 knockout metastases and H&E staining in 

male mice. Scale bar, 50 μm.

(I and J) Mean number of metastatic tumors at indicated sites in (I) male and (J) female 

mice.

(K) Total number of metastases per mouse, male (blue squares) and female (red triangles).

(G, I, J, and K) Graphs: mean ± SEM of n = 3 male and 3 female mice for control clone 1 

and DOCK8 knockout (KO) clone 2, n = 5 each control clone 3, and n = 2 for DOCK8 KO 

clone 1.

(L) Lysosome activity is required for tumor cell invasion. Quantitation of Transwell invasion 

assay of 6741-P and mKPC cells treated with DMSO or bafilomycin A1 (1 μM).

(M–R) Mean ± SEM of three biological replicates. Immunoblotting of DOCK8 and 

quantitation of Transwell invasion following DOCK8 knockdown in (M) iKRAS, (N) 

Panc04.03, (O) mKPC, (P) 6741-P, (Q) Capan-1, and (R) mKPC control and DOCK8 KO 

clones 1–3.

(S) Immunoblotting of Panc1 cells stably expressing FLAG, FLAG-DOCK8, or FLAG-

DOCK8-V1985A, and quantitation of Transwell cell invasion.

(L–S) NTsi, Nontargeting siRNA. Mean ± SEM from at least three independent biological 

replicates. p values were calculated using a Student’s t test or one-way ANOVA with the 

Tukey’s post hoc test (G, K, and R). *p < 0.05; **p < 0.01; ***p < 0.001; ****p ≤ 0.0001.

See also Figures S2–S4.
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Figure 3. DOCK8 regulates lysosome morphology via Cdc42 activity
(A) Confirmation of DOCK8 knockdown by immunoblotting. GAPDH: loading control.

(B) Immunofluorescence of LAMP1 (green) and nuclei (Hoechst, blue) in cells 

(iKRASG12D, 6741-P, mKPC, Panc04.03) following DOCK8 knockdown. Scale bar, 20 μm.

(C and D) Quantitation of (C) average lysosome area (μm2) and (D) average number of 

lysosomes per cell. (iKRASG12D NT control n = 168 cells, DOCK8 knockdown n = 137; 

6741-P NT control n = 307, DOCK8 knockdown n = 241; mKPC NT control n = 183, 

DOCK8 knockdown n = 173; Panc04.03 NT control n = 152, DOCK8 knockdown n = 168).
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(E) Immunofluorescence of LAMP1 (green) and nuclei (Hoechst, blue) in DOCK8 KO 

mKPC cells. Scale bar, 20 μm.

(F) Quantitation of average lysosome area (μm2) (control clone 1 n = 120 total cells; control 

clone 2 n = 168; control clone 3 n = 141; DOCK8 KO clone 1 n = 156; DOCK8 KO clone 2 

n = 140; DOCK8 KO clone 3 n = 198).

(G) Transmission electron microscopy of DOCK8 knockdown 6741-P cells compared 

to non-targeting control. White arrows: lysosome compartments, which are enlarged in 

DOCK8 knockdown cells. Scale bar, 2 μm.

(H) Overexpression of LAMP1-mCherry and GFP or active Cdc42-V12-GFP in 6741-P 

following DOCK8 knockdown with two individual siRNAs. Scale bar, 10 μm.

(I) Immunoblotting confirming DOCK8 knockdown and expression of GFP or Cdc42-V12-

GFP. GAPDH: loading control.

(J) Quantitation of average lysosome area (μm2) (NT control GFP n = 52 cells; DOCK8si 

1 GFP n = 63; DOCK8si 1 Cdc42-V12-GFP n = 66; DOCK8si 2 GFP n = 58; DOCK8si 2 

Cdc42-V12-GFP n = 57).

(K) Track displacement of lysosomes over 5 min in 6741-P cells treated with LysoTracker 

(NT control = 147 total cells, DOCK8si = 158). Tracks are pseudocolored to represent track 

length. Scale bar, 5 μm.

(L) Quantitation of lysosome mean speed (of cells in K).

(M) Immunoblotting confirming DOCK8 knockdown in 6741-P cells. GAPDH: loading 

control.

Graphs: mean ± SEM, at least three independent biological replicates. p values were 

calculated using a Student’s t test or one-way ANOVA with the Tukey’s post hoc test (F). *p 

< 0.05; **p < 0.01; ***p < 0.001; ****p ≤ 0.0001.

See also Figure S5.
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Figure 4. DOCK8 regulates lysosomal actin and cathepsin B activity
(A) Immunofluorescence of LAMP1 (green), actin (red), and nuclei (Hoechst, blue) in 

6741-P cells.

(B) Immunoblotting confirming DOCK8 knockdown. GAPDH: loading control.

(C) Quantitation of actin fluorescence intensity at lysosomes in 6741-P and mKPC DOCK8 

knockdown cells, normalized to cortical actin. Control cells = 1 for each cell type (6741-P, 

NT n = 147 cells, DOCK8 KD n = 141; mKPC, NT n = 115, DOCK8 KD n = 129).
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(D) DOCK8 knockdown reduces cathepsin B activity. Magic Red cathepsin fluorescence 

indicating active cathepsin B in 6741-P cells following DOCK8 knockdown.

(E) Quantitation of Magic Red cathepsin B following DOCK8 knockdown in the indicated 

cells, normalized to non-targeting control for each cell line (6741-P, NT n = 173 cells, 

DOCK8 KD n = 195; mKPC, NT n = 217, DOCK8 KD n = 228; L3.6, NT n = 231, DOCK8 

KD n = 221; Capan1, NT n = 163, DOCK8 KD n = 190; Panc04.03, NT n = 268, DOCK8 

KD n = 240).

(F) Immunoblotting of 6741-P cell lysates showing cathepsins B and D.

(G) Quantitation of immunoblots for cathepsin B protein levels in DOCK8 knockdown cells 

relative to NT control cells (control set to 1 for each cell line). GAPDH: loading control.

(H) Immunofluorescence of LAMP1 (green) and actin (red) in 6741-P and mKPC cells 

treated with the actin inhibitor cytochalasin D (2 μM) for 5 h.

(I) Quantitation of mean lysosome area (mm2) shows that F-actin disassembly increases 

lysosome size (6741-P, DMSO n = 173 cells, cytochalasin D [CytoD] n = 182; mKPC, 

DMSO n = 158, CytoD n = 169).

(J) Magic Red cathepsin B fluorescence indicating active cathepsin B in 6741-P and mKPC 

cells treated with DMSO or CytoD (2 μM) for 5 h.

(K) Quantitation of Magic Red cathepsin B mean fluorescence intensity shows that F-actin 

disassembly inhibits cathepsin B activity (6741-P, DMSO n = 234 cells, CytoD n = 184; 

mKPC, DMSO n = 236, CytoD n = 291). DMSO condition set to 1 for each cell type.

(L) Immunofluorescence of LAMP1 (green) and actin (red) in 6741-P or mKPC cells treated 

with DMSO or the cathepsin B inhibitor CA-074ME (20 μM, overnight).

(M) Quantitation of average lysosome area (μm2).

(N) Actin mean fluorescence intensity (actin, red) at the lysosome membrane (6741-P, 

DMSO n = 124 cells, CA-074ME n = 122; mKPC, DMSO n = 192, CA-074ME n = 205). 

DMSO-treated cells were set to 1 for each cell line.

Scale bars, 10 μm (A, H, and L) and 20 μm (D and J). Graphs: mean ± SEM of three 

independent biological replicates. ns, p > 0.05; *p ≤ 0.05; **p < 0.01; ***p < 0.001; ****p 

≤ 0.0001.

See also Figures S6 and S7.
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Figure 5. DOCK8 regulates lysosomal protease secretion and cathepsin B-mediated ECM 
degradation
(A) Proteases from conditioned media of DOCK8 knockdown 6741-P cells using a Protease 

Array. Green bars: lysosomal proteases; two independent replicates.

(B) Immunoblotting confirming DOCK8 knockdown. GAPDH: loading control.

(C) DOCK8 is required for ECM degradation. Images of cleaved DQ-collagen (green) in 

6741-P cells either overlayed with DQ-collagen/Matrigel (top) or seeded on a DQ-collagen 

substrate with gelatin (bottom, green puncta).
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(D) DOCK8 immunoblotting confirmed knockdown in 6741-P and mKPC cells. 

Quantitation of DQ-collagen mean fluorescence intensity in Matrigel-embedded model in 

DOCK8 knockdown cells relative to NT control (set to 1 for each cell line) (6741-P, NT n = 

1007 cells, DOCK8 KD n = 1399; mKPC, NT n = 969, DOCK8 KD n = 939).

(E) DQ-collagen/gelatin substrate relative fluorescence intensity in DOCK8 knockdown 

cells versus NT control (set to 1 for each cell line) (6741-P, NT n = 114 cells, DOCK8 KD n 

= 91; mKPC, NT n = 187, DOCK8 KD n = 190). Nuclei: Hoechst, blue.

(F) Cathepsin B is necessary and sufficient for ECM degradation. Immunoblotting verifying 

DOCK8 knockdown and overexpression of cathepsin B-mCherry in 6741-P cells.

(G) Images of degraded DQ-collagen fluorescence (green) in DOCK8 knockdown 6741-P 

cells transfected with mCherry vector or cathepsin B-mCherry (red) and nuclei (Hoechst, 

blue).

(H) Quantitation of DQ-collagen/gelatin mean fluorescence intensity in 6741-P DOCK8 

knockdown and NT control cells expressing mCherry or cathepsin B-mCherry relative 

to NT-mCherry control cells (set to 1) (6741-P, NT-mCherry n = 67 cells; NT-cathepsin 

B-mCherry n = 47; DOCK8 KD-mCherry n = 53; DOCK8 KD-cathepsin B-mCherry n = 

44).

(I) Manders’s coefficient measuring cathepsin B-mCherry overlap with degraded DQ-

collagen.

(J) Quantitation of 6741-P and mKPC Transwell cell invasion upon cathepsin B inhibition. 

Nuclei: Hoechst, blue.

Only mCherry vector- or cathepsin B-mCherry-positive cells were scored (H and J). Scale 

bars, 20 μm. Graphs: mean ± SEM of three independent biological replicates. ns, p > 0.05; 

*p ≤ 0.05; **p < 0.01; ***p < 0.001; ****p ≤ 0.0001.

See also Figure S7.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit Anti-DOCK8 Abcam Cat# ab227529; RRID:AB_2943448

Rabbit Anti-Cathepsin B Cell Signaling Cat# 31718S; RRID:AB_2687580

Mouse Anti-HA Cell Signaling Cat# 2367S; RRID:AB_10691311

Mouse Anti-Flag Cell Signaling Cath# 8146S; RRID:AB_10950495

Rabbit Anti-GAPDH Cell Signaling Cat# 5174S; RRID:AB_10622025

Rabbit Anti-phospho-ERK 1/2 Cell Signaling Cat# 4377S; RRID:AB_331775

Rabbit Anti-ERK 1/2 Cell Signaling Cat# 9102S; RRID:AB_330744

Rat Anti-LAMP1 DHSB Cat# 1D4B; RRID:AB_2134500

Rabbit Anti-Actin Sigma Cat# A2066; RRID:AB_476693

Mouse Anti-KRAS Sigma Cat# WH0003845M1; RRID:AB_1842235

Mouse Anti-GFP Sigma; Roche Cat# 11814460001; RRID:AB_390913

Chemicals, Peptides, and Recombinant Proteins

DMSO Sigma Cat# D2438-10ML

Bafilomycin A1 Cayman Chemical Cat# 11038

CA-074ME Cayman Chemical Cat# 18469

Cytochalasin D Cayman Chemical Cat# 11330

Staurosporine Cayman Chemical Cat# 81590

Critical Commercial Assays

Proteome Profiler Human Protease Array R&D Systems Cat# ARY021B

Deposited Data

Comparative Lysosome Proteomics Welcome to MassIVE (ucsd.edu) MassIVE: MSV000091036

PDAC PDX Organoid RNAseq Gene Expression Omnibus GEO: GSE185335

Western blot and CRISPR sequencing data Mendeley Data Mendeley: https://doi.org/10.17632/
zmwy6bgfg8.1

Experimental Models: Cell Lines

mKPC Dr. David Tuveson36 RRID: mKPC T4-2D

iKRASG12D Dr. Marina Pasca di Magliano13,32 RRID: 4292 iKRASG12D

6741-P Dr. Daniel Billadeau, Mayo 
Clinic, Rochester, MN

RRID: 6741-P

Panc 0403 ATCC Cat# CRL-2555

PANC1 ATCC Cat# CRL-1469

DanG Dr. Daniel Billadeau, Mayo 
Clinic, Rochester, MN

RRID: NA

Capan1 ATCC Cat# HTB-79

CFPAC ATCC Cat# CRL-1918

MIA PaCa2 ATCC Cat# CRL-1420
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REAGENT or RESOURCE SOURCE IDENTIFIER

HPAFII ATCC Cat# CRL-1997

L3.6 Dr. Steven Johnsen, Bosch 
Institute, Stuttgart, Germany

BxPC3 ATCC Cat# CRL-1687

RAW 264.7 ATCC Cat# TIB-71

HPDE Dr. Daniel Billadeau, Mayo 
Clinic, Rochester, MN

Experimental Models: Organisms/Strains

C57Bl/6J mice The Jackson Laboratories Cat# 000664 RRID:IMSR_JAX:000664

Oligonucleotides

5′- CCGCTAGCGCTACCGGACTCAGATC
TCGAGATGTGGCAGCTCTGGGCCTCC-3′

This Paper Human cathepsin B Fwd

5′- GCTCACCATGGTGGCGACCGGTGGA
TCCCGGGCGGGGGCCACCTGGCTGG-3′

This Paper Human cathepsin B Rev

5′-ATTACGCTGGTACCGAGCTCC
TCCGGAGGTTCATGTACACCACC CCGTTCACC-3′

This Paper DOCK8-DHR2-HA Fwd

5′ CGGCCGCCACTGTGCTGGATTTA
GCTGCCCTGTGACAACTGGGTTTCA
CATTTCC-3′

This Paper DOCK8-DHR2-HA Rev

5′-TCAGTTTATGTGCGGAGAAGAC-3′ Primer Bank qPCR msDOCK8 Fwd

5′-TGGCAGGGAGCTTAATTTTCAC-3′ Primer Bank qPCR msDOCK8 Rev

5′-CCGCACAAAGAGATTTTGGA-3′ Dr. Helen C. Su82 qPCR hDOCK8 Fwd

5′-TCAGCCTCTGTGGGTAGACA-3′ Dr. Helen C. Su82 qPCR hDOCK8 Rev

5′-TTCTTGCGACTCTTGGGACTTC-3′ Dr. Stephen Shea83 qPCR hCathpsin B Fwd

5′-TGACGAGGATGACAGGGAACTA-3′ Dr. Stephen Shea83 qPCR hCathpsin B Rev

Recombinant DNA

pCI2-DOCK8-YFP Dr. Daniel Billadeau, RRID: NA

pCI2-DOCK8-V1985A-YFP Dr. Daniel Billadeau RRID: NA

pLenti6.3. F-MCS Dr. Daniel Billadeau RRID: NA

pLenti DOCK8 WT This Paper RRID:NA

pLenti DOCK8 VA This Paper RRID:NA

pcDNA3.1_hCathepsin B Dr. Hyeryun Choe Addgene_11249

pmCherry-N1 Clontech Clontech_632523

pcDNA3.1-HA Dr. Oskar Laur Addgene_128034

pEGFP-N1 Clontech Clontech_6085-1

pBabe-Kras Wt Dr. Channing Der Addgene_75282

pLJC5-Tmem192-3xHA Dr. David Sabatini Addgene_102930

pEGFP-N1-LAMP1 Dr. Mark McNiven RRID:NA

Software and Algorithms

ImageJ NIH ImageJ (nih.gov)

Zen ZEISS ZEISS ZEN Microscopy Software
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REAGENT or RESOURCE SOURCE IDENTIFIER

GraphPad Prism GraphPad by Dotmatics https://www.graphpad.com

Adobe Illustrator Adobe https://www.adobe.com/products/illustrator
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