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Abstract

Obscurins, encoded by the OBSCN gene, are giant cytoskeletal proteins with structural and 

regulatory roles. Large scale omics analyses reveal that OBSCN is highly mutated across different 

types of cancer, exhibiting a 5–8% mutation frequency in pancreatic cancer. Yet, the functional 

role of OBSCN in pancreatic cancer progression and metastasis has to be delineated. We 

herein show that giant obscurins are highly expressed in normal pancreatic tissues, but their 

levels are markedly reduced in pancreatic ductal adenocarcinomas. Silencing of giant obscurins 

in non-tumorigenic Human Pancreatic Ductal Epithelial (HPDE) cells and obscurin-expressing 

Panc5.04 pancreatic cancer cells induces an elongated, spindle-like morphology and faster cell 

migration via cytoskeletal remodeling. Specifically, depletion of giant obscurins downregulates 

RhoA activity, which in turn results in reduced focal adhesion density, increased microtubule 

growth rate and faster actin dynamics. Although OBSCN knockdown is not sufficient to induce 

de novo tumorigenesis, it potentiates tumor growth in a subcutaneous implantation model and 
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exacerbates metastasis in a hemispleen murine model of pancreatic cancer metastasis, thereby 

shortening survival. Collectively, these findings reveal a critical role of giant obscurins as tumor 

suppressors in normal pancreatic epithelium whose loss of function induces RhoA-dependent 

cytoskeletal remodeling, and promotes cell migration, tumor growth and metastasis.
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1. Introduction

Pancreatic cancer is an extremely lethal malignancy with a 5-year survival rate of 9% 

[1]. Pancreatic ductal adenocarcinoma (PDAC) is the most prevalent type of pancreatic 

neoplasm, mainly originating from incipient premalignant lesions in the pancreas known 

as pancreatic intraepithelial neoplasias, following accumulation of multiple mutations over 

time [1,2]. Central to the poor prognosis of pancreatic cancer is delayed diagnosis due to the 

absence of noticeable and specific clinical symptoms in the early stages of the disease, the 

lack of sensitive imaging modalities to detect early neoplasias, and the paucity of reliable 

molecular biomarkers [3]. With the majority of PDAC patients being diagnosed when the 

tumor has either locally advanced to nearby arteries and veins or already metastasized 

to other organs [4] and is thus surgically unresectable, it is of paramount importance to 

understand the molecular etiologies of the disease initiation and progression.

Obscurins are giant cytoskeletal proteins with structural and regulatory roles which are 

encoded by the OBSCN gene that spans ~170 kb on human chromosome 1q42 [5–7]. 

OBSCN undergoes extensive alternative splicing, giving rise to multiple isoforms ranging in 

size between 40 and 870 kDa [5,8,9]. Although the molecular identity and expression profile 

of the small (40–260 kDa) and intermediate (260–600 kDa) obscurins are largely unknown, 

giant obscurins (720–870 kDa) have been extensively studied [10]. Giant obscurins, referred 

to as obscurin-A (~720 kDa) and obscurin-B (~870 kDa), are highly modular, consisting of 

tandem immunoglobulin (Ig) and fibronectin-III (FN-III) domains, followed by an array of 

signaling motifs, including a calmodulin-binding IQ motif and a tripartite cassette composed 

of a Src homology 3 (SH3) motif, a Rho-guanine nucleotide exchange factor (RhoGEF) 

motif, and a pleckstrin homology (PH) domain (Fig. 1A). Their extreme COOH-termini, 

however, diverge with obscurin-A containing a non-modular COOH-terminus that bears 

ankyrin-binding sites and obscurin-B containing two active Ser/Thr kinase domains that 

belong to the Myosin Light Chain Kinase (MLCK) family [10].

Although obscurins were originally identified in striated muscle cells [5], during the last 

decade it has become increasingly clear that they are expressed in non-muscle tissues too, 

where they play key roles in maintaining cell homeostasis [9,11]. This notion was instigated 

in a pioneering study where sequencing analysis of 13,023 genes in breast and colorectal 

cancers identified OBSCN as one of 189 candidate genes displaying somatic mutations 

at high frequency [12]. Further analysis of the mutational profile of the OBSCN gene 

revealed novel somatic mutations in melanoma and a germline mutation in glioblastoma 
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[13], while analysis of whole genome arrays of gastrointestinal stromal and leiomyosarcoma 

tumors showed that the differential expression of OBSCN and PRUNE2 (C9orf65) could 

be used as a reliable two-gene classifier to distinguish the two tumor types [14]. Since 

these original observations, extensive work from our group has indicated that giant obscurins 

possess tumor suppressor functions in breast epithelial cells [15,16], and that breast cancer 

patients with obscurin-deficient tumors exhibit significantly reduced overall and recurrence 

free survival. Consistent with these findings, OBSCN has been described as one among 

the 63 top mutated candidate driver genes in breast cancer with an average mutational rate 

of 11.4% [17,18], while changes in the OBSCN expression levels have been implicated 

as potential diagnostic markers for prostate cancer [19] and adrenocortical carcinoma [20]. 

Moreover, use of publicly available databases has indicated a 5–8% mutational frequency 

of OBSCN in pancreatic cancer (Supplementary Fig. 1A) with the majority being missense 

mutations spanning its entire length (Supplementary Fig. 1B). Consistent with this, OBSCN 
has been described as one of the most commonly mutated genes in pancreatic cancer with 

the identified mutations predicted to have damaging effects [21].

Given the poor prognosis of pancreatic cancer, our limited understanding about the 

molecular etiologies underlying the formation and progression of pancreatic tumors, and 

the high mutational prevalence of OBSCN in pancreatic cancer, we set forth to elucidate 

its functional role in pancreatic cancer progression and metastasis. Our studies demonstrate 

that human PDAC biopsies express significantly reduced levels of obscurins compared 

to matched controls. In accordance with this finding, loss of obscurins from pancreatic 

epithelial cells leads to altered RhoA signaling accompanied by cytoskeletal remodeling 

in vitro. Importantly, obscurin downregulation in pancreatic cancer cells potentiates tumor 

growth and metastasis leading to reduced survival in vivo. Together, our findings indicate 

that OBSCN is a potent tumor suppressor in pancreatic epithelial cells whose loss of 

function accelerates pancreatic cancer progression and metastasis, thereby shortening 

survival.

2. Materials and methods

2.1. Cell culture

SW1990, CFPAC-1 cells were purchased from the American Type Culture Collection. 

Human Pancreatic Ductal Epithelial (HPDE), Pa03C, Pa07C and Panc5.04 cells have been 

previously described [22,23]. HPDE cells were cultured in keratinocyte serum-free medium 

(SFM) supplemented with 30 μg/ml bovine pituitary extract, 0.1 ng/ml epidermal growth 

factor (EGF) (Gibco), and 50 μg/ml gentamicin. SW1990, CFPAC-1, Pa03C, Pa07C and 

Panc5.04 cells were cultured in standard DMEM (Gibco) with 10% Fetal Bovine Serum 

(FBS, Gibco) and either 50 μg/ml gentamicin (Sigma-Aldrich) or 1% penicillin/streptomycin 

(Gibco). AsPC-1 and Panc10.05 cells were cultured in RPMI1640 (Gibco) with 10% FBS 

and 1% penicillin/streptomycin. All cell lines were used for up to 10 passages after thawing 

from frozen stocks and were routinely tested for mycoplasma contamination via quantitative 

polymerase chain reaction (qPCR) [24]. The cell lines were not further authenticated. 

CFPAC-1 and Pa03c were isolated from liver metastases of pancreatic tumors; Pa07c 
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and SW1990 from peritoneal and splenic metastases of pancreatic tumors, respectively; 

Panc5.04 and Panc10.05 from primary PDACs; AsPC-1 from ascites of a PDAC patient.

2.2. Generation of stable cell lines

Stable cell lines of scramble control and obscurin knockdown HPDE and Panc5.04 were 

generated with short hairpin RNA (shRNA) technology as previously described [23,24]. 

A scramble control (ctrl shRNA) and two shRNA constructs that specifically target the 

human OBSCN gene (obsc shRNA-1 and obsc shRNA-2) were commercially obtained 

(OriGene Technologies). The sequences of the shRNA (from 5′ to 3’ on the sense 

strand) are as follows, obsc shRNA-1: AGAGGCAGGAGCCAGTGCCACACTGAGCT and 

obsc shRNA-2: CTTGAGGATGCTGGAACTGTCAGTTTCCA. shRNA oligonucleotides 

were cloned into the pGFP-V-RS plasmid vector that incorporates a puromycin resistance 

marker (OriGene Technologies). Cell transfection was performed using Lipofectamine 3000 

(Invitrogen). Stably transfected cells were selected by adding puromycin (Gibco; 500 ng/ml) 

to the medium three days after transfection. Stable clones expressing obsc shRNA-1, 

shRNA-2 or ctrl-shRNA were isolated and propagated in complete medium in the presence 

of puromycin. All experiments were performed with pooled clones of each stable line.

Stable scramble control and obscurin knockdown Panc5.04 pancreatic cancer 

cell lines were also generated with shRNA lentivirus technology. The 

lentivirus shRNA target sequences are (from 5′ to 3’ on the sense strand): 

scramble control: GCACTACCAGAGCTAACTCAGATAGTAC, obscurin shRNA-3: 

CGGAGGTGATGTGGTACAAAG, obscurin shRNA-4: GCCCAATTCGAGGCTATCATT 

(Fig. 1A). The shRNA sequences were cloned into pLKO.1 puro (Addgene, plasmid # 8453) 

lentivector with a puromycin antibiotic selection marker via BshT1 and EcoR1 restriction 

sites with standard molecular cloning techniques. The viruses were produced in HEK293T 

cells. Successfully transduced cells were selected with 20 μg/ml puromycin.

2.3. Antibodies

The antibodies used in this study are: RhoA (7F1.E5) mouse monoclonal antibody 

(Cytoskeleton, ARH04); Actin (C4) mouse monoclonal antibody (BD Transduction, 

612656); HSP90 (C45G5) rabbit monoclonal antibody (Cell Signaling Technology, 4877); 

Phospho-Paxillin (Tyr118) rabbit polyclonal antibody (Cell Signaling Technology, 2541); 

Obscurin COOH-terminal rabbit polyclonal antibody or Obscurin NH2-terminal mouse 

monoclonal antibody [9]; Obscurin Ig 58/59 rabbit polyclonal antibody [16]; Phospho-

Myosin Light Chain 2 (Ser 19) rabbit monoclonal antibody (Cell Signaling Technology, 

3671).

2.4. Western blots

Cells were lysed in radioimmunoprecipitation assay (RIPA, Thermo Scientific) buffer in the 

presence of protease inhibitors (Roche). Protein lysates of equal quantities, determined using 

the BCA assay kit (ThermoFisher), were separated using a 3–8% Tris-acetate SDS-PAGE 

gel or a 4–12% Bis-Tris gel (Bio-Rad) and transferred onto nitrocellulose membranes for 

subsequent blotting. For the obscurin western blots, membranes were blocked for 2–8 h 

either in 10% milk in Phosphate Buffered Saline (PBS) with 0.1% Tween-20 and 0.02% 
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sodium azide or 5% milk in Tris Buffered Saline (TBS) with 0.1% Tween-20 before 

incubation with primary antibodies against obscurins, followed by the appropriate alkaline 

phosphatase (AP) or horseradish peroxidase (HRP) conjugated anti-mouse or anti-rabbit 

secondary antibodies (Jackson ImmunoResearch, 1:300). For the RhoA western blots, the 

membranes were blocked for 1 h in TBS containing 1% BSA and 0.1% Tween-20 before 

probing with the appropriate primary antibody followed by anti-mouse or anti-rabbit HRP-

linked secondary antibodies (Cell Signaling, 1:2000). Immunoreactive bands were visualized 

with the Tropix chemiluminescence (Thermo Fisher) and the Pierce ECL Western Blotting 

Substrate (Thermo Fisher) or SignalFire ECL Reagent (Cell Signaling Technology) kits for 

the AP and HRP systems, respectively. Densitometric evaluation of immunoreactive bands 

was performed with ImageJ software.

2.5. Immunofluorescence

In most experiments, cells were fixed with 3.7% paraformaldehyde, permeabilized with 

0.25% Triton X-100 in PBS and incubated in blocking buffer consisting of PBS with 10% 

normal goat serum (NGS) and 1% bovine serum albumin (BSA) for at least 1 h. For 

phospho-Myosin Light Chain (pMLC) staining, cells were fixed with 4% paraformaldehyde, 

permeabilized with 0.1% Triton X-100, and blocked in 5% NGS, 5% BSA and 0.2% 

Triton X-100 in PBS. Cells were then treated overnight at 4 °C with the indicated primary 

antibodies diluted in blocking buffer, followed by incubation with an appropriate secondary 

Alexa Fluor 488 or 568 goat anti-mouse or anti-rabbit secondary antibody (Invitrogen) at 

a 1:200 dilution in blocking buffer unless otherwise specified. The samples were washed 

thoroughly with PBS between each step. Slides were mounted with ProLong™ Gold 

Antifade reagent (Invitrogen) and imaged using either a LSM510 or LSM700 laser scanning 

confocal microscope with either a 40X or 63X objective lens. In pMLC experiments, 

specimens were imaged using a Nikon A1 confocal microscope with a 60X/1.4 N.A. oil 

immersion objective lens.

2.6. Immunohistochemistry

Human pancreatic cancer tumor microarray slides containing paraffin-embedded PDAC and 

matched normal adjacent tissue (US Biomax Inc) were evaluated for obscurin expression. 

Specimens included 3 biopsies of invasive ductal carcinoma (IDC) grade-1, 2 biopsies 

of IDC grade 1/2, 51 biopsies of IDC grade 2, 12 biopsies of IDC grade 2/3, and 7 

biopsies of IDC grade 3 tumors. The tumor microarray was deparaffinized in xylene and 

rehydrated using ethanol washes. Antigen retrieval was performed using 10 mM sodium 

citrate buffer at 90°C followed by washes with cold water. Tissue sections were washed 

with TBS containing 0.025% Triton X-100, and blocked with TBS supplemented with 10% 

NGS and 1% BSA for at least 4 h prior to overnight incubation at 4°C with the rabbit 

polyclonal obscurin Ig 58/59 antibody diluted in TBS with 1% BSA. Slides were then 

washed with TBS containing 0.025% Triton X-100, and incubated with goat anti-rabbit 

Alexa Flour 488 secondary antibody. Following washes in TBS with 0.025% Triton X-100, 

the samples were mounted with ProLong™ Gold Antifade reagent, imaged using a LSM700 

laser scanning confocal microscope with a 40x objective lens. The obtained fluorescent 

signals were independently quantified by two investigators using ImageJ by including the 
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entirety of each tissue specimen; the PDAC values were normalized to those of the normal 

tissue for each matched tissue pair.

2.7. Microchannel migration assay

Polydimethylsiloxane (PDMS)-based microchannel devices were fabricated using 

photolithography and standard replica molding techniques as previously described [25,26]. 

Each device consists of a series of parallel microchannels of 200 μm in length, 10 μm 

in height and prescribed widths (3, 6, 10 or 20 μm), which are arrayed in a ladder-like 

configuration perpendicularly between a cell seeding and a chemoattractant channel [25,27]. 

All microchannels were coated with collagen type I (20 μg/ml). Cell migration was 

visualized and recorded via time-lapse live microscopy in an enclosed, humidified stage top 

incubator (Tokai Hit) maintained at 37 °C and 5% CO2 using stage automation and a Nikon 

Inverted microscope. Images were taken at 10–20 min interval with a 10x Ph1 objective. 

FBS (10%) in medium containing 1% penicillin/streptomycin was used as chemoattractant. 

The spatial x and y positions of all non-dividing and viable cells that entered and migrated 

in the microchannels were tracked over time with the Manual Tracking plugin in ImageJ. 

Migration velocities were computed using a custom-written MATLAB code as previously 

described [25,27]. Cell morphological parameters, such as circularity and solidity, were 

also quantified using ImageJ [28]. In select experiments, cells were incubated in medium 

containing blebbistatin (2–10 μM, Sigma-Aldrich) or the vehicle control dimethyl sulfoxide 

(DMSO), prior to their seeding in the microchannel devices.

2.8. RhoA activity assays

RhoA activity was measured by RhoA Pulldown Activation Assay or confocal fluorescence-

lifetime imaging microscopy (FLIM) using a Förster resonance energy transfer (FRET) 

RhoA2G sensor. RhoA Pulldown Activation Assay (Cytoskeleton) was performed according 

to the manufacturer’s protocol with ctrl shRNA and obsc-KD shRNA HPDE and Panc5.04 

cells. In FLIM-FRET assays, ctrl shRNA, shRNA-3 and shRNA-4 Panc5.04 cells were 

transduced with pLentiRhoA2G sensor and imaged using a Zeiss LSM 780 microscope and 

a PicoQuant FLIM system as previously described [29,30]. Cells migrating on collagen 

I-coated 2D surfaces were imaged at a single scan of a 1024 × 1024-pixel window, and data 

were quantified using SymPhoTime 64 (PicoQuant) software [29,30].

2.9. Microtubule (MT) dynamics quantified using microtubule associated protein EB 
family member 1 (EB1) assay

Cells with control or obscurin shRNA were transfected with EB1-GFP (Addgene) using 

Lipofectamine 3000 (Invitrogen) according to the manufacturer’s protocol. 48 h after 

transfection, cells were re-plated on a collagen type I-coated glass surface and allowed to 

adhere overnight. EB1-GFP-expressing cells with control or obscurin shRNA-3 and -4 were 

imaged every 3 s for 6 min using a Nikon A1 confocal microscope (Nikon, Tokyo, Japan) 

with a 60X/1.4 N.A. oil immersion objective lens. In select experiments, cells were treated 

with (S)-4′-nitro-blebbistatin (Cayman) (0.5–1 μM) or vehicle control (DMSO) for at least 

1 h prior to confocal imaging. Cells with control or obscurin shRNA-1 and -2 were imaged 

with Zeiss LSM 700 laser scanning confocal microscope with a 63X/1.4 NA oil-immersion 

objective lens every 3.08 s for 6.16 min. At least 10 different EB1-comets in each cell were 
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analyzed and imaged. Life history plots and kymographs of EB1-GFP comets in each cell 

were generated and used to quantify MT growth rates via ImageJ as previously described 

[24,25].

2.10. Focal adhesion (FA) measurements with total internal reflectance fluorescence 
(TIRF) microscopy or confocal microscopy

5 × 104 cells were seeded on collagen type I-coated glass coverslips or glass bottom dishes 

and allowed to adhere for 24 h. Cells were fixed and stained as previously described 

[24,31,32] using a primary rabbit polyclonal antibody against phosphorylated-paxillin 

(Tyr118) (pY-paxillin) (Cell Signaling Technology, 1:50) and goat anti-rabbit Alexa Fluor 

568 secondary antibody (Invitrogen, 1:2000). FAs were visualized and quantified by TIRF 

microscopy using a 3i Mariana inverted microscope (Intelligent Imaging Innovation) with a 

100X/1.45 N.A. oil immersion objective lens and Slidebook 8.0 software [24]. In brief, after 

adjusting for background staining, images were rendered binary, and the particle analyzer 

tool in ImageJ was used to enumerate pY-paxillin-positive punctate areas greater than 0.1 

μm2. The total FA area, the number of FA per cell area and the area of FA per cell were then 

calculated.

Panc5.04 cells with control shRNA or obscurin shRNA-3 and -4 were seeded on collagen 

type I-coated glass bottom dishes and allowed to adhere for 20–24 h. In select experiments 

involving drug treatments, adhered cells were incubated with the prescribed pharmacological 

agents for 4 h prior to fixation and staining with pY-paxillin. Cells were imaged using a 

Nikon A1 confocal microscope (Nikon, Tokyo, Japan) using a 60X/1.4 N.A. oil immersion 

objective lens. Once the basal plane was identified and background signal was subtracted, 

FAs were quantified using custom macros within the General Analysis command of NIS 

Elements (Nikon). Adhesions with a max ferret value less than 0.1 μm and greater than 10 

μm were excluded.

2.11. Actin dynamics quantified with fluorescence recovery after photobleaching (FRAP)

Cells were transfected with either Lifeact-RFP (Addgene) or pCT-Actin-GFP (System 

Biosciences) using Lipofectamine 3000 (Invitrogen) according to the manufacturer’s 

protocol. 48 h after transfection, cells were replated on a glass slide coated with collagen 

type I and allowed to adhere overnight and form a confluent monolayer. Lifeact-RFP-

expressing cells were imaged with a Zeiss LSM 700 laser scanning confocal microscope 

with a 63X/1.4 NA oil-immersion objective lens. Circular regions of interest of 4 μm in 

diameter were selected at cell-cell borders, and were photobleached with 568-nm laser 

at 100% power. Images were captured every 1.04 s before and after photobleaching. 

pCT-Actin-GFP-expressing cells were imaged with Nikon A1 confocal microscope (Nikon, 

Tokyo, Japan) using a 60X/1.4 N.A. oil immersion objective lens and were photobleached 

with 488-nm laser at 100% power. In select experiments, cells were treated with Y27632 

(10 μM) or vehicle control (medium) for at least 1 h prior to confocal imaging. The FRAP 

time-lapse videos were analyzed with ImageJ as previously described [16,24,26].
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2.12. Subcutaneous implantation model

The subcutaneous model was adopted to evaluate the contribution of giant obscurins to in 
vivo tumor growth. All animal work was approved and performed in compliance with the 

Institutional Animal Care and Use Committee (IACUC) at the Johns Hopkins University. 

Eight-week old NSG mice were subcutaneously injected into both flanks with either ctrl-

shRNA or obsc-shRNA HPDE or Panc5.04 cells (4 × 106 cells/ml in 50% matrigel) [24]. 

Tumor size was measured with calipers in a blinded manner, and the corresponding volume 

was calculated using the ellipsoid shape model. Mice were euthanized by CO2 inhalation 

according to the IACUC protocol 83 days after injection. Tumors were harvested, weighed 

and fixed in 10% buffered formalin phosphate.

2.13. Hemispleen injection model

To investigate the role of obscurins in PDAC metastasis in vivo, we adopted the well-

established preclinical murine model of hepatic metastasis following hemispleen injection 

[24,33]. All animal work was performed in accordance with IACUC protocols at the Johns 

Hopkins University. Human Panc5.04 cells were selected as the model PDAC cell line for 

in vivo experiments because they possess high expression levels of giant obscurins and 

moderate tumorigenic potential in vivo [34]. In brief, control shRNA, obscurin shRNA-3 

or shRNA-4 Panc5.04 cells were dissociated, resuspended into a final concentration of 2 × 

107 cell/ml in anti-clumping buffer diluted 1:1000 in Hanks’ balanced salt solution (Gibco) 

and maintained on ice. 6–8 weeks old female NOD-SCIDγ (NSG) mice were purchased 

from Johns Hopkins Research Animal Resources (Baltimore, MD, USA) and maintained 

in accordance with IACUC guidelines. Mice were prepped under anesthesia induced by 

isoflurane inhalation before a left subcostal incision was made to locate the spleen. The 

spleen was eviscerated, clipped and divided in half. 100 μl of cell suspension (containing 

2 × 106 Panc5.04 pancreatic cancer cells) was injected to one half of the spleen, followed 

by a flush with 150 μl of ice-cold PBS, while the other half was placed back into the 

peritoneum to avoid contamination. Pancreatic cancer cells were allowed to flow into the 

liver via the splenic vessels for 2 min, after which the injected half of the spleen and 

splenic vessels were clipped and removed, followed by suturing. 70 days post injection, all 

mice were sacrificed by CO2 inhalation. Livers were harvested postmortem during necropsy 

and examined macroscopically for quantifying the number of visible macrometastases by 

two independent investigators in a blinded manner, and then flash-frozen by immersion in 

liquid nitrogen for subsequent qPCR analysis of human long interspersed nuclear element-1 

(hLINE-1) to quantify metastatic tumor burden.

In separate experiments aimed to evaluate the role of giant obscurins in mouse survival 

using the hemispleen injection technique, mice were euthanized by CO2 inhalation when 

they displayed morbid characteristics, and their survival times were recorded. All mice were 

monitored regularly according to IACUC guidelines.

2.14. DNA extraction and hLINE-1 quantification

DNA was extracted from frozen liver specimens, as described in Refs. [16,35–37], using the 

DNeasy Blood and tissue kit (Qiagen) according to the manufacturer’s recommendations. 

Specifically, three pieces (<25 mg per piece) were collected from each harvested liver 
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in a sterile biological safety cabinet to minimize human DNA contamination, weighed 

and recorded. Tissue samples were lysed overnight at 56 °C. Following the purification 

steps outlined in the manufacturer’s protocol, DNA samples were eluted with 200 μl of 

DNA-RNA free water. Quantification of hLINE-1 levels, which serve as a proxy of the 

amount of human DNA present in mouse livers, was performed with qPCR as reported in 

Refs. [16,35–37] with some modifications. Briefly, qPCR was performed in 20 μl volume of 

DNA samples with the following components: 10 μl iTaq Universal SYBR Green Supermix 

(Bio-Rad), 1.5 μl each of 10 μM forward (5′-TCACTCAAAGCCGCTCAACTAC-3′) and 

reverse (5′-TCTGCCTTC ATTTCGTTATGTACC-3′) primers, 4.5 μl purified DNA and 2.5 

μl water. The reaction was run on an iCycler/iQ5 (Bio-Rad) with the following cycling 

conditions: (94 °C, 2 min) × 1, (94 °C, 10 s; 67 °C, 15 s; 70 °C, 15 s) × 3, (94 °C, 10 s; 

64 °C, 15 s; 70 °C, 15 s) × 3, (94 °C, 10 s; 61 °C, 15 s; 70 °C, 15 s) × 3, and (94 °C, 

10 s, 59 °C, 15 s; 70 °C, 15 s) × 35. The threshold cycle number was calculated using the 

Bio-Rad iQ5 software. Serial dilutions of human DNA extracted from Panc5.04 cells using 

the DNeasy Blood and tissue kit (Qiagen) were included in each measurement to serve as 

standards.

2.15. Statistical analysis

Data represent the mean ± S.E.M. from 3 independent experiments unless otherwise 

stated. The D’Agostino-Pearson omnibus normality test was used to determine whether 

data are normally distributed. Data sets with Gaussian distributions were compared using 

Student’s t-test (two-tailed) or one-way ANOVA followed by Tukey’s post-hoc test wherever 

appropriate. For comparing non-Gaussian distributions, the nonparametric Mann-Whitney or 

Kruskal-Wallis test was used for comparisons between two or more groups, respectively. For 

comparisons between multiple groups with two independent variables, two-way ANOVA 

was used followed by Šídák multiple comparisons test. Statistical significance was defined 

as p < 0.05. Calculations were performed using GraphPad Prism 7, 8 or 9 (GraphPad 

Software).

3. Results

Reduced expression of giant obscurins in PDAC compared to normal pancreatic epithelial 
tissues.

While the OBSCN gene has been identified as a frequently mutated gene in PDACs [21] 

(Supplementary Fig. S1A and B), the protein expression levels of obscurin in normal 

versus PDAC tissues have yet to be characterized. To this end, we evaluated the expression 

profile of obscurins using tissue microarrays containing human biopsies from 75 PDACs of 

grade 1–3 and matched adjacent normal tissue. Specimens were stained with an antibody 

specific to the Ig58/59 region of giant obscurins A and B (Fig. 1A) and imaged using 

confocal microscopy. Obsurins were abundantly expressed in normal samples where they 

exhibited a relatively uniform distribution, but were markedly reduced in adjacent tumor 

biopsies, as determined by quantification of the obtained fluorescent signals, with residual 

obscurins detected at the cell membrane and/or in puncta (Fig. 1B–D). Consistent with 

these findings, examination of the expression profile of OBSCN, using the TNM web tool 

(https://www.tnmplot.com/) that uses publicly available transcriptomic expression data and 
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provides information about the differential expression of genes between normal and tumor 

biopsies, indicated significantly reduced expression of OBSCN in PDACs versus normal 

samples (Supplementary Fig. S1C).

To investigate the functional consequences of reduced expression of OBSCN in pancreatic 

cancer, we next screened normal and cancer pancreatic epithelial cells for obscurin 

expression via immunoblotting (Fig. 1E) to identify candidate cell lines for depleting 

obscurins. We focused on giant obscurins in view of their function as tumor suppressors 

in breast epithelial cells [15,16]. Normal-like, non-tumorigenic HPDE cells and Panc5.04 

pancreatic cancer cells consistently expressed high levels of giant obscurins (Fig. 1E and 

Supplementary Fig. S1D and E); of note, the kinase-bearing obscurin-B is the most prevalent 

isoform in all pancreatic cell lines tested. Immunostaining further confirmed the expression 

of obscurins in HPDE and Panc5.04 cells (Supplementary Fig. S1F and H). Obscurins 

concentrate in perinuclear/cytoplasmic puncta and the nucleus in HPDE cells grown in 

the absence of FBS (Supplementary Fig. S1G). We reasoned that this may be a result of 

the lack of serum in the culture medium. Indeed, upon treatment with 10% FBS for 24 

h, obscurins translocated to cell-cell junctions in HPDE cells (Supplementary Fig. S1G), 

which resembles the localization profile of obscurins in Panc5.04 and SW1990 pancreatic 

cancer cells cultured in serum-containing medium (Supplementary Fig. S1H and I). Of note, 

the nuclear and cell-cell junction localization patterns of obscurins in pancreatic cells are 

consistent with those observed in breast epithelial cells [15].

Knockdown of giant obscurins in human pancreatic ductal epithelial HPDE cells promotes 
migration along with a protrusive phenotype via cytoskeletal remodeling.

To investigate the impact of decreased levels of obscurins observed in PDAC relative to 

adjacent normal tissue, we generated stable obscurin-knockdown HPDE cells expressing 

either shRNA-1 targeting Ig10 or shRNA-2 targeting Ig58 (Fig. 1A) as well as control 

HPDE cells expressing a scramble shRNA plasmid (ctrl shRNA). Western blot analysis 

validated the successful knockdown of both obscurins A and B in HPDE cells (Fig. 2A) 

ranging between 60 and 80% (Supplementary Fig. S2A). Evaluation of obscurin-depleted 

HPDE cells indicated that they were more protrusive and elongated than scramble control 

cells as evidenced by their lower solidity and circularity, respectively, and migrated faster 

inside 10 μm-wide microchannels (Fig. 2B–E and Supplementary Fig. S2B–D).

Earlier work has shown that the RhoGEF motif of obscurins specifically binds and activates 

RhoA [38]. In fact, the activation of RhoA by the RhoGEF domain is conserved for the 

nematode homolog of obscurin, called UNC-89 [39]. We therefore performed RhoA pull-

down assays to quantify RhoA activity in obscurin-expressing and obscurin-depleted HPDE 

cells. Knockdown of giant obscurins significantly diminished the levels of active RhoA by 

40–60% as compared to control shRNA (Fig. 3A and Supplementary Fig. S3A).

It is well established that RhoA regulates the cytoskeletal and adhesion dynamics in 

migrating cells [29,40]. Downregulation of RhoA activity alters microtubule (MT) dynamics 

and decreases focal adhesion (FA) size and stress fiber formation. Given that the formation 

of stable MTs is induced by RhoA [41], and downregulation of RhoA activity is associated 

with increased MT dynamics [42], we next quantified MT growth in control and obscurin-
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depleted HPDE cells via live-cell confocal imaging of EB1-GFP, a protein which binds 

to the plus end of growing MT [25,43]. Cells transfected with EB1-GFP were imaged 

over 6 min, and growing MT comets were tracked over time to calculate the rate of MT 

growth (Fig. 3B). Obscurin knockdown promoted significantly faster MT growth rates in 

HPDE cells (Fig. 3C and Supplementary Fig. S3B), which is consistent with the notion that 

downregulation of RhoA activity mediated by obscurin depletion results in increased MT 

dynamics.

To assess the role of giant obscurins in FA size and density, FAs were visualized and 

quantified via TIRF imaging of HPDE cells immunostained for phospho-tyrosine (pY)-

paxillin [24], which is a signaling adapter protein found at FAs of non-muscle cells. 

While FAs were found to be concentrated primarily at the cell periphery of control HPDE 

cells, they were distributed throughout the cell surface of obscurin knockdown cells (Fig. 

3D). Importantly, knockdown of obscurins decreased FA density and size (Fig. 3E and 

Supplementary Fig. S3C).

Using FRAP, we also quantified the actin dynamics at the cell-cell junctions of Lifeact-RFP-

transfected control and obscurin-KD HPDE cell monolayers. Because obscurin localizes at 

the HPDE cell-cell junctions only in the presence of FBS (Supplementary Fig. S1E and F), 

these assays were performed in medium supplemented with 10% FBS. Obscurin-depleted 

relative to control HPDE cells displayed higher Lifeact-RFP mobile fraction, while no 

significant difference was observed for the recovery half-life (Fig. 3F, Supplementary Fig. 

S3D). These findings suggest that obscurin silencing increases actin dynamics. As a control, 

we performed these measurements in serum-free medium where obscurins fail to localize 

at cell-cell junctions, and found no differences in either the mobile fraction or half-life 

of Lifeact-RFP recovery for control and obscurin knockdown cells (Supplementary Fig. 

S3E and F). Taken together, depletion of obscurins downregulates RhoA activity and alters 

cytoskeletal dynamics.

Although knockdown of giant obscurins in normal HPDE cells promoted cell locomotion 

via cytoskeletal remodeling, it failed to induce primary tumor formation in a subcutaneous 

implantation model. These findings suggest that depletion of giant obscurins is not sufficient 

to induce tumorigenesis, which is consistent with their role as tumor suppressors. Thus, we 

next tested the effects of obscurin knockdown on pancreatic cancer cell function in vitro 
and in vivo. Panc5.04, which is a tumorigenic cell line derived from a stage IIB primary 

pancreatic tumor, was chosen as a model cell system for subsequent studies.

Knockdown of giant obscurins in Panc5.04 pancreatic cancer cells promotes faster 
migration in vitro via regulation of cytoskeletal dynamics and increases tumor growth in 
vivo.

Obscurin-knockdown Panc5.04 pancreatic cancer cells were generated (Fig. 4A and 

Supplementary Fig. S4A) using three different shRNA sequences (Fig. 1A) by either 

transfecting cells with control or obscurin shRNA-2 followed by clonal selection or 

using the lentiviral technology for shRNA-3 and -4 targeting Ig11 and Ig68, respectively. 

Consistent with the data acquired using non-cancerous HPDE cells, obscurin depleted 

Panc5.04 cells exhibited markedly reduced levels of active RhoA as quantified by RhoA 
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pulldown activation assays (Supplementary Fig. S4B) or by FLIM-FRET as measured by 

the increased donor fluorescence lifetimes (Fig. 4B). In line with the reduced RhoA activity, 

its downstream effector pMLC levels were also decreased (Fig. 4C). These biochemical 

changes were accompanied by a more elongated cell morphology and a more migratory 

phenotype in obscurin knockdown compared to scramble control cells as evidenced by 

their lower circularity (Fig. 4D), smaller FAs (Fig. 4E) and faster motility (Fig. 4F and 

Supplementary Fig. S4C and D).

To demonstrate the critical role of RhoA activity and the downstream myosin II-

dependent contractility in the morphological and phenotypic alterations induced in obscurin-

knockdown cells, we first examined the dose-dependent effect of blebbistatin (2–10 μM), 

which inhibits actomyosin contractility, on cell migration. Scramble control Panc5.04 cells, 

which possess high RhoA activity, displayed a biphasic response to increasing blebbistatin 

concentrations (Supplementary Fig. S4E). Specifically, low (2 μM) and high (10 μM) 

concentrations of blebbistatin did not alter the velocity of scramble control Panc5.04 

cells relative to vehicle control, whereas 5 μM of blebbistatin significantly increased cell 

motility (Supplementary Fig. S4E). On the other hand, the velocity of obscurin-knockdown 

cells, which display significantly lower RhoA activity, was insensitive to low or medium 

concentrations (2–5 μM) of blebbistatin but was significantly reduced after treatment with 

10 μM blebbistatin (Supplementary Fig. S4E). Interestingly, treatment of scramble control 

and obscurin-knockdown Panc5.04 cells with 5 μM blebbistatin abrogated the differences 

detected between these two cell types in cell morphology (Fig. 4D), FA size (Fig. 4E), 

and migration velocity (Fig. 4F). Cumulatively, these data illustrate that suppression of 

RhoA activity induced by obscurin depletion or partial inhibition of the downstream myosin 

II-dependent contractility promotes faster motility.

In accord with the results obtained using non-tumorigenic obscurin-deficient HPDE cells, 

obscurin-knockdown Panc5.04 cells also exhibited faster MT growth rate (Fig. 4G) and actin 

dynamics (Fig. 4H and Supplementary Fig. S4F), thereby demonstrating the role of giant 

obscurins in cytoskeletal reorganization. Importantly, treatment of ctrl shRNA Panc5.04 

cells with an intermediate concentration of (S)-4′-nitro-blebbistatin (0.5 μM) increased MT 

growth rate to levels of untreated obscurin-knockdown cells (Supplementary Fig. S4G). Of 

note, this concentration had a modest effect on the MT dynamics of obscurin-knockdown 

cells relative to vehicle controls. Use of the RhoA/ROCK inhibitor Y27632 reveals the 

involvement of this pathway, which is regulated by obscurin, in the modulation of actin 

dynamics as evidenced by FRAP measurements (Supplementary Fig. S4H). Taken together, 

these data confirm and extend our observations with normal HPDE cells showing that 

obscurin depletion alters cell morphology and promotes faster migration via downregulation 

of RhoA activity, which in turn modulates cytoskeletal remodeling and dynamics.

Obscurin silencing also accelerated tumor growth in a subcutaneous implantation model 

(Fig. 4I–K). Although both scramble control and obscurin-shRNA-2 Panc5.04 cells 

generated palpable tumors of equivalent volume within 30 days post injection, tumor 

volume increased at a higher rate for obscurin knockdown specimens at about 70 days 

post implantation (Fig. 4I). These data were confirmed by measuring the volume and weight 
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of the harvested tumors at necropsy (Fig. 4J and K and Supplementary Fig. S4I), thereby 

suggesting that obscurin knockdown potentiates tumorigenicity in vivo.

Silencing of giant obscurins in Panc5.04 pancreatic cancer cells shortens survival by 
exacerbating metastasis.

To evaluate whether the faster migratory potential of obscurin knockdown pancreatic cancer 

cells observed in vitro coupled with their elevated tumor growth in vivo alter survival and 

metastasis, we used the preclinical murine hepatic metastasis model via hemispleen injection 

to inoculate scramble control and obscurin shRNA-3 or shRNA-4 Panc5.04 cells [24]. Mice 

that survived the surgical procedure were monitored over time and euthanized when they 

exhibited morbid symptoms (Fig. 5A). Analysis of the Kaplan-Meier survival curves reveals 

that obscurin silencing significantly shortened mouse survival (Fig. 5A). Specifically, the 

median survival time of mice injected with control shRNA-expressing Panc5.04 cells was 

115 days as compared to 83 and 88 days for obscurin shRNA-3- and shRNA-4-expressing 

cells, respectively. Moreover, post mortem dissection and visual inspection of the livers 

showed that mice injected with obscurin shRNA-4 Panc5.04 cells developed significantly 

more liver macrometastases relative to control shRNA (Supplementary Fig. S5A and B). 

While there was no statistically significant difference in the average number of visible 

liver macrometastases between mice injected with control shRNA- versus obsc shRNA-3-

expressing Panc5.04 cells, this is due to the larger liver tumors generated by the obscurin-

knockdown cells (Supplementary Fig. S5A–B).

While the previous set of experiments demonstrates that silencing of giant obscurins 

negatively impacts mouse survival, its effect on metastasis is confounded by the marked 

differences in the euthanasia time points. To accurately quantify and compare the metastatic 

potentials of scramble control and obscurin-knockdown Panc5.04 cells, we repeated the 

hemispleen injection experiment with the modification of sacrificing all mice concurrently 

70 days post injection (Fig. 5B), which corresponded to the time point at which the first 

mouse/mice fulfilled the criteria of euthanasia. Consistent with the survival analysis data, 

obscurin shRNA-4-, but not shRNA-3-, expressing Panc5.04 cells generated a significantly 

higher number of liver macrometastases relative to control shRNA (Fig. 5B’). In light of 

gross anatomical images of representative livers showing the formation of larger albeit fewer 

macrometastatic tumors in mice injected with shRNA-3-expressing cells, we quantified 

metastatic tumor burden by measuring the amount of human DNA present via qPCR using 

primers specific for hLINE. Our analysis reveals that livers harvested from mice following 

splenic injection with obscurin shRNA-3- or obscurin shRNA-4-expressing Panc5.04 cells 

contained significantly higher amount of human DNA relative to control shRNA (Fig. 

5B’’), which is in line with the gross anatomy photographs (Fig. 5C). Taken together, these 

highlight the pivotal role of giant obscurins in accelerating pancreatic cancer growth and 

metastasis in vivo, thereby shortening survival.

4. Discussion

Cancer cells acquire multiple and successive genetic alterations, which ultimately result in 

the deregulation of major signaling pathways and the generation of non-canonical feedback 
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loops that together promote uncontrolled cell proliferation, anoikis escape, migration and 

invasion. OBSCN, originally identified as a structural and signaling mediator of the 

cytoskeleton in muscle cells [5], has recently emerged as a potent tumor suppressor [16] 

that is heavily mutated across different types of cancer [44]. However, functional studies 

interrogating OBSCN’s role in normal non-muscle cells and the impact of its loss are 

lacking with the exception of breast epithelium [15,16].

Pancreatic cancer is one of the deadliest cancers currently accounting for ~3% of all cancers 

in the US and ~7% of all cancer-related deaths, with an average lifetime risk of ~1 in 

64. These dreary statistics are further highlighted by a recent projection indicating that the 

number of deaths due to pancreatic cancer will exceed those of colorectal cancer before 

2030, rendering pancreatic cancer as the second leading cause of cancer-related deaths in 

the US [45]. The lack of effective targeted treatment modalities and the paucity of validated 

molecular biomarkers providing prognostic information about the progression and severity 

of the disease are key factors contributing to the poor survival of affected patients [46]. 

Importantly, the presence of mutations in OBSCN is predicted to be damaging in pancreatic 

cancer [21]. In agreement with this, electrospray mass spectrometry demonstrated reduced 

levels of OBSCN peptides in the serum of stage IIb PDAC patients compared to control 

subjects [47].

In view of these observations and given the mutational prevalence of OBSCN in pancreatic 

cancer [21], we evaluated the expression profile of OBSCN in microarrays of pancreatic 

tumor biopsies and adjacent normal tissue. We found the expression levels of OBSCN to 

be drastically reduced in tumor biopsies compared to normal tissue, implicating OBSCN 
loss in pancreatic cancer pathogenicity. This notion was corroborated by our functional 

studies investigating the consequences of OBSCN’s loss in pancreatic cells. In line with the 

purported role of OBSCN as tumor suppressor [16,44], our findings show that silencing of 

giant obscurins in pancreatic cells potentiates tumor growth and metastasis via cytoskeletal 

remodeling mediated, at least in part, through alterations in RhoA signaling.

Giant obscurins contain a tandem array of signaling motifs including a RhoGEF motif that 

has been shown to specifically bind and activate RhoA [38]. In line with our previous 

work in breast epithelial cells [32, 48], knockdown of giant obscurins in pancreatic cells 

suppresses RhoA activity. Consistent with the decreased RhoA activity [40], obscurin-

depleted pancreatic cells display a more elongated and protrusive phenotype, characteristic 

of malignant transformation.

RhoA and its downstream effectors are key regulators of adhesion, MT and actin 

organization [49,50]. Indeed, downregulation of RhoA activity via obscurin silencing or 

inhibition of myosin II activity with low concentrations of blebbistatin promotes MT growth 

and reduces FA density and size, thereby promoting faster migration. These findings are 

in accord with prior work showing the interplay between RhoA-dependent signaling and 

MTs as well as the role of MT growth in focal adhesion disassembly [49,51]. Our data 

also reveal the “goldilocks” or biphasic effect of myosin II inhibition on the migration 

velocity of obscurin-expressing cells where intermediate concentrations of blebbistatin (5 

μM) facilitate motility, whereas low (2 μM) or high (10 μM) doses have little effect. 
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Importantly, the average velocity of obscurin-expressing cells treated with an intermediate 

blebbistatin concentration is similar to that of untreated obscurin-knockdown cells, which 

exhibit reduced RhoA activity and pMLC levels. However, obscurin-depleted cells move 

slower upon treatment with a high dose (10 μM) of blebbistatin. Taken together, these 

findings are in concert with the notion that optimal levels of contractility are required 

for efficient cell locomotion as either too high or too low contractility supports a rather 

immotile or slowly moving cell phenotype. In addition to regulating focal adhesion 

assembly/disassembly and MT growth, giant obscurins alter actin dynamics via a RhoA/

ROCK-dependent pathway. Specifically, obscurin depletion or ROCK inhibition in obscurin-

expressing cells increases the mobile fraction of actin. A possible mechanism underlying 

this phenomenon may involve the actin-severing protein cofilin, which is a ROCK target 

[48] that displays increased activity in response to reduced phosphorylation. Consistent 

with this notion, inhibition of the RhoA/ROCK pathway via obscurin knockdown enhances 

cofilin activity [48], which in turn results in enhanced actin filament turnover, as evidenced 

by the increased mobile fraction of actin.

Because cell migration is critical to the dissemination of cancerous cells from a primary 

tumor to metastatic sites in the body, we examined the contributions of obscurins to 

pancreatic cancer progression and metastasis in vivo using the well-established preclinical 

model of pancreatic cancer metastasis to the liver via the hemispleen injection technique. 

NSG mice injected with obscurin-depleted Panc5.04 pancreatic cancer cells possessed a 

markedly higher tumor burden along with a shorter survival time than scramble controls. 

The enhanced metastatic capacity of obscurin-knockdown pancreatic cancer cells may be 

attributed not only to their higher migratory potential observed in vitro but also their 

elevated proliferation detected in an in vivo subcutaneous model. It is noteworthy that 

silencing of giant obscurins in normal, non-tumorigenic HPDE pancreatic epithelial cells 

was not able to induce de novo tumorigenesis after subcutaneous implantation. These data 

are consistent with the role of giant obscurins as tumor suppressors in pancreatic cancer not 

being sufficient to induce tumor formation, as carcinogenesis requires both the mutation of a 

proto-oncogene and the loss of function of a tumor suppressor gene [52].

In conclusion, we herein demonstrate that obscurins are abundantly expressed in normal 

pancreatic tissue biopsies but markedly reduced in adjacent tumor biopsies. Loss of 

giant obscurins from pancreatic epithelial or pancreatic cancer cells downregulates RhoA 

activity, which induces cytoskeletal remodeling by promoting MT growth and faster actin 

dynamics, and suppressing FAs, thereby facilitating cell migration in vitro. Accordingly, 

RhoA activity was found to be progressively decreased from normal pancreatic tissue 

to pancreatic intraepithelial neoplasias to advanced PDAC in mutant KRasG12D/+ and 

KRasG12D/+/p53R172H/+ pancreatic cancer mouse models [53]. We therefore postulate that 

OBSCN loss from pancreatic cells leads to major cytoskeletal alterations, at least in part 

via deregulation of the RhoA/ROCK/myosin II axis, resulting in enhanced motility in vitro 
and increased proliferative capacity in vivo, which ultimately potentiate metastasis. The 

advent of CRISPR technology opens new possibilities in precision medicine. As such, our 

future studies will be directed at examining whether (re)activation of OBSCN expression in 

metastatic tumors would suppress migration/invasion in vitro and metastasis in vivo.
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Fig. 1. Obscurin expression is markedly reduced in human PDAC relative to pancreatic epithelial 
tissue.
(A) Schematic of giant obscurins A and B showing their domain composition as well as the 

regions targeted by antibodies and shRNAs. shRNA-1, shRNA-2 and shRNA-3 target both 

giant obscurin A and B, while shRNA-4 targets specifically obscurin-B. (B) Representative 

images of tissue biopsies of grade 1 through 3 pancreatic adenocarcinoma and matched 

normal tissues. Hematoxylin and eosin (H&E) stained images display a boxed region (left) 

which was imaged using confocal (right) after staining with the obscurin Ig 58/59 antibody 
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(green) and DAPI (blue). (C) Obscurin expression levels were quantified across the entire 

tissue specimens and values of pancreatic tumor biopsies were normalized to those of 

adjacent normal tissues for each matched pair. Data represent mean ± S.E.M from 75 tumor 

specimens and matched normal adjacent tissues. ****p < 0.0001 using Student’s t-test after 

log transformation. (D) Obscurin levels were graded in each tissue sample based on signal 

intensity on a scale ranging from 0 (absent), 1 (low), 2 (medium) to 3 (high), and plotted 

as a function of the tumor grade. Data represent mean ± S.E.M. **p < 0.01 and ****p < 
0.0001 using two-way ANOVA followed by Šídák multiple comparisons test. Data analysis 

for grades 1 and 1/2 were not included because of the low number of these biopsies in tumor 

microarray. (E) Immunoblot showing the expression of obscurin isoforms in normal human 

pancreatic ductal epithelial (HPDE) cell line and pancreatic cancer cell lines (CFPAC-1, 

Pa03C, Pa07C, Panc5.04, AsPC-1, Panc10.05 and SW1990) using the obscurin Ig 58/59 

antibody.
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Fig. 2. Knockdown of giant obscurins in human pancreatic ductal epithelial HPDE cells enhances 
motility.
(A) Giant obscurins A and B are downregulated in HPDE cells following transfection with 

obscurin shRNA-1 or -2 compared to control shRNA. (B) Representative phase-contrast 

images of scramble control- and obscurin shRNA-1- expressing HPDE cells plated on a 

2D surface. Scale bar: 50 μm. (C) The solidity and (D) circularity of obscurin shRNA-1-

depleted and control shRNA HPDE cells that exited 10 × 10 μm2 microchannels into a 

2D-like collagen I-coated substrate. Data represent mean ± S.E.M. for n ≥ 44 cells from 

three independent experiments. (E) Migration velocity of obscurin shRNA-1-depleted and 

control shRNA HPDE cells inside 10 × 10 μm2 collagen I-coated microchannels. Data 

represent mean ± S.E.M. for n = 26–37 cells from three independent experiments. **p < 
0.01 and ****p < 0.0001 using Student’s t-test for normal distributions (C, D) or after log 

transformation (E).
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Fig. 3. Obscurin-depleted HPDE cells display reduced RhoA activity, faster microtubule and 
actin dynamics and decreased FA density and size.
(A) Representative pull-down assays showing active and total RhoA in scramble control and 

obscurin shRNA-1- and shRNA-2-expressing HPDE cells. β-actin and total RhoA were used 

as loading controls. (B) Time lapse images showing EB1-GFP comets in scramble control 

and obscurin-shRNA-1 HPDE cells. White dots indicate growing microtubules. (C) Effect of 

control shRNA and obscurin shRNA-1 on microtubule growth rate of EB1-GFP-expressing 

HPDE cells. (D) Representative TIRF microscopy images of control and obscurin shRNA-1-
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expressing HPDE cells stained with pY-paxillin to visualize FAs. The cell boundary is traced 

in yellow. (E) Average focal adhesion density per area (i), average focal adhesion size (ii) 

and the average focal adhesion area per cell area (iii). (F) FRAP analysis of Lifeact-RFP-

expressing scramble control and obscurin shRNA-1 HPDE cells in the presence of 10% 

FBS, and quantification of mobile fraction and half-life of actin recovery. Data represent 

mean ± S.E.M. for ≥11 cells (C) or ≥44 cells (E) or ≥20 cells (F) from 3 independent 

experiments. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 using Student’s t-test 

for normal distributions (C, Ei, F) or after log transformation (Eii-iii). All experiments were 

performed on 2D collagen I-coated surfaces.
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Fig. 4. Knockdown of giant obscurins in Panc5.04 pancreatic cancer cells promotes faster 
migration in vitro via cytoskeletal remodeling and increases tumor growth in vivo.
(A) Expression of giant obscurins in Panc5.04 cells after transfection with control or 

obscurin shRNA-2 followed by clonal selection or using the lentiviral technology for 

shRNA-3/-4. (B) Donor fluorescence lifetime of RhoA activity biosensor on 2D as measured 

by FLIM-FRET. Data represent mean ± S.E.M. for n ≥ 32 cells from three independent 

experiments. (C) Average pMLC intensity (a.u.) of control, obscurin shRNA-3 and shRNA-4 

Panc5.04 cells. Data represent mean ± S.E.M. for n ≥ 61 cells from 3 independent 
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experiments. Effect of partial inhibition of cell contractility with low concentration of 

blebbistatin (5 μM) on (D) cell circularity and (E) focal adhesions on 2D as well as (F) 
migration velocity inside 10 × 10 μm2 microchannels for scramble control and obsucrin-KD 

cells. Data represent mean ± S.E. M. for n ≥ 63 cells (D,E) or n ≥ 205 cells (F) from 

3 to 4 independent experiments. (G) Kymographic analysis and microtubule growth rate 

of EB1-GFP-expressing control versus obscurin-knockdown Panc5.04 cells. Data represent 

mean ± S.E.M. for n ≥ 42 cells from 3 experiments. (H) FRAP analysis of β-actin-GFP-

expressing scramble control and obscurin shRNA-3/-4 Panc5.04 cells in the presence of 10% 

FBS, and quantification of mobile fraction and half-life of actin recovery. Data represent 

mean ± S.E.M. for n ≥ 61 cells from 3 experiments. (I) Quantification of tumor volume 

in mice following subcutaneous implantation of scramble control and obscurin shRNA-2 

Panc5.04 cells as a function of time. In vivo growth of scramble control and obscurin 

shRNA-2 Panc5.04 cells in a subcutaneous injection model, as assessed by (J) the volume 

and (K) weight of tumors harvested postmortem. Data represent the mean ± S.E.M. 9–12 

mice. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001 relative to control shRNA 

were determined using one-way ANOVA followed by Tukey’s post-hoc test (B,C,E,G,H), or 

Kruskal-Wallis followed by Dunn’s multiple comparisons test (D,F), or two-way ANOVA 

followed by Šídák multiple comparisons test (I), or Student’s t-test after log transformation 

(J, K). NS: non-significant.
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Fig. 5. Depletion of giant obscurins in Panc5.04 reduces survival by promoting metastasis in vivo.
(A) NSG mice, injected with scramble control, obscurin shRNA-3 or shRNA-4 Panc5.04 

cells using the hemispleen injection technique, were monitored over time and euthanized 

when they exhibited morbid symptoms. Kaplan-Meier survival curves of NSG mice were 

compared using log-rank (Mantel-Cox) test. (B) NSG mice were sacrificed 70 days post 

hemispleen injection with control or obscurin-knockdown Panc5.04 cells, and (B′) the 

number of visible liver macrometastasis foci and (B’’) human DNA detected on the 

harvested livers of mice were quantified. Data represent mean ± S.E.M. *p < 0.05 and 
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**p < 0.01 were determined using Kruskal-Wallis followed by Dunn’s multiple comparisons 

test. In (B”), the mean ± S.E.M. for shRNA-4 is 32.7 ± 30.2 mg of human DNA per gram 

of liver tissue. (C) Gross anatomical pictures of representative livers harvested from mice 

injected with scramble control (top row) or obscurin-knockdown (middle and bottom rows) 

Panc5.04 cells. Yellow arrowheads indicate visible liver macrometastases.
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