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Resumo 

de Bessa TC. Mecanismos associados à perda da regulação da Nox1 NADPH 

oxidase pela dissulfeto isomerase proteica em células com ativação sustentada da 

via ras [tese]. São Paulo: Faculdade de Medicina, Universidade de São Paulo; 2018. 

Dissulfeto isomerase proteica como a PDIA1 tem sido implicada na progressão do 

câncer, porém os mecanismos envolvidos ainda não foram claramente identificados. 

Previamente, nós demonstramos um importante efeito da PDIA1 induzindo a 

superexpressão da Nox1 NADPH oxidase, associada à geração de espécie reativas 

de oxigênio (ROS). Uma vez que a perda na regulação de ROS envolve o 

crescimento tumoral, nós propusemos que a PDIA1 atua como um mecanismo 

regulador proximal na produção de ROS em tumores. No presente estudo, nós 

focamos no câncer colorretal (CRC) com distintos efeitos na ativação de KRas. 

Resultados provenientes de bancos de dados de RNAsec e validação direta, indicam 

um significante aumento na expressão de PDIA1 em CRC com alta ativação 

constitutiva da Kras (HCT116) vs. ativação intermediária (HKE3) ou basal (Caco2). A 

PDIA1 sustenta a produção de superóxido dependente da Nox1 em CRC; 

entretanto, observamos pela primeira vez uma ação dupla da PDIA1 correlacionada 

ao nível de ativação da Ras: em células Caco2 e HKE3, experimentos de perda de 

função indicam que o PDIA1 sustenta a produção de superóxido dependente de 

Nox1; no entanto, em células HCT116, PDIA1 limita a produção de superóxido pela 

Nox1. Este comportamento da PDIA1 é associado ao aumento da expressão / 

atividade da Rac1. A transfecção do mutante constitutivamente ativo Rac1G12V em 

células HKE3 faz com que a PDIA1 se torne restritiva a produção de superóxido 

dependente de Nox1, paralelamente, em células HCT116 tratadas com inibidor da 

Rac1, PDIA1 se torna favorável à produção de superóxido. Um screening em 

importantes vias de sinalização celular em HKE3 mostrou que a perda de função da 

PDIA1 promove inativação da GSK3β em paralelo à diminuição da ativação de 

Stat3; em HCT116 em estado basal, GSK3β é inativada enquanto Stat3 está ativa, já 

o silenciamento da PDIA1 não resulta em nenhum efeito adicional. As implicações 

funcionais do silenciamento da PDIA1 incluíram uma diminuição da proliferação e 

migração celular em HKE3, não detectável em HCT116. Além disso, a PDIA1 parece 

sustentar a transição epitélio-mesenquimal (EMT), uma vez que após o 

silenciamento da PDIA1, observamos um aumento da expressão da E-caderina em 



 
 

HKE3 e uma diminuição em HCT116.  Assim, a superativação da Ras se associa a 

uma alteração no padrão de regulação da Nox1 pela PDIA1. A supressão do efeito 

regulador da PDIA1 pela Kras é provavelmente devido a uma ativação sustentada 

da Rac1. Portanto, PDIA1 pode exercer um papel redox-dependente adaptativo 

crucial relacionado à progressão tumoral. 

Descritores: 1- isomerase de dissulfetos de proteínas; 2- NADPH oxidase; 3- 

proteínas ras; 4- espécies de oxigênio reativas; 5- neoplasias; 6- superóxidos; 7- 

inibidores da dissociação do nucleotídeo guaninarho-específica; 8- proto-oncogenes; 

9- estresse oxidativo. 

  



 
 

Abstract 

de Bessa TC. Mechanisms associated with loss of regulation of NADPH oxidase 

nox1 by protein disulfide isomerase in cells with sustained activation of the ras 

pathway [thesis]. São Paulo: “Faculdade de Medicina, Universidade de São Paulo”; 

2018. 

 

Protein disulfide isomerases such as PDIA1 have been implicated in cancer 

progression, but the underlying mechanisms are unclear. We showed previously 

important PDIA1 effects enabling vascular Nox1 NADPH oxidase expression and 

associated generation of reactive oxygen species (ROS). Since deregulated ROS 

production underlies tumor growth, we proposed that PDIA1 acts as an upstream 

regulatory mechanism of tumor-associated ROS production. We focused on 

colorectal cancer (CRC) with distinct levels of KRas activation. Our results from 

RNAseq databanks and direct validation indicate significant increase in PDIA1 

expression in CRC with constitutive high (HCT116) vs. moderate (HKE3) or basal 

(e.g. Caco2) Ras activity. PDIA1 supported Nox1-dependent superoxide production 

in CRC; however, we observed for the first time a dual effect correlated with Ras 

level activity: in Caco2 and HKE3 cells, loss-of-function experiments indicate that 

PDIA1 sustains Nox1-dependent superoxide production; however, in HCT116 cells, 

PDIA1 restricted Nox1-dependent superoxide production. This PDIA1 behavior in 

HCT116 is associated with increased Rac1 expression/activity. Transfection of 

Rac1G12V active mutant into HKE3 cells induced PDIA1 to become restrictive of 

Nox1-dependent superoxide; accordingly, in HCT116 cells treated with Rac1 

inhibitor, PDIA1 became supportive of superoxide production. Screening of cell 

signaling routes affected by PDIA1 silencing showed induced GSK3β inactivation and 

parallel decrease of active Stat3 in HKE3 cells; in baseline HCT116 cells, GSK3β 

was inactivated and Stat3 active, whereas PDIA1 silencing had no further effect. 

Functional implications of PDIA1 silencing included a decrease of cell proliferation 

and migration in HKE3, not detectable in HCT116 cells. Also, PDIA1 may support 

epithelial-mesenchymal transition (EMT), since after PDIA1 silencing, E-cadherin 

expression increased in HKE3 and decreased in HCT116. Thus, Ras overaction 

associates with a switched in PDIA1 pattern regulation of Nox1. Ras-induced PDIA1 



 
 

bypass may involve direct Rac1 activation. Therefore, PDIA1 may be a crucial 

regulator of redox-dependent adaptive processes related to cancer progression. 

 

Descriptors: 1- protein disulfide-isomerases; 2- NADPH oxidase; 3- ras proteins; 4- 

reactive oxygen species; 5- neoplasms; 6- superoxides; 7- rho-specific guanine 

nucleotide dissociation inhibitors; 8- proto-oncogenes; 9- oxidative stress 

  



 
 

Résumé 

Les protéines disulfides isomérase comme PDIA1 ont été identifié comme étant 

impliqué dans les processus de cancérisation et progression tumoral. Toute fois les 

mécanismes par lesquels elle serait impliqués non pas été clairement identifiés. 

Dans de précédentes études nous avons montré une action importante de PDIA1 sur 

l’activation de la NADPH oxydase 1 Nox1 et sur la production de ROS associé a 

cette activation, dans les cellules du muscle lisse vasculaire (VSMC). En nous basant 

sur l’importance du rôle de la production de ROS dans les processus de 

cancérisation et de progression tumoral, et les données obtenu au préalable, sur le 

rôle de PDIA1 dans la régulation de Nox1, nous avons émis l’hypothèse PDIA1 

pourrait agir en amont para la régulation de la production ROS associé au processus 

tumoraux.  Pour cela nous avons choisie de travailler avec différentes lignées 

cellulaires de cancer colorectal (CRC) qui exprime plusieurs niveaux d’activation de 

KRas. Une analyse par bio-informatique nous as permis d’établir une corrélation 

entre l’expression de PDIA1 et l’activation de KRas. Cette corrélation a par la suite a 

été confirmé par western blot, en effet les cellules qui présente une plus grande 

activation de K-ras exprime plus De PDIA1 HCT116> HKE3> Caco2. PDIA1 

maintient la production de superoxyde dépendante de Nox1 dans le CRC. 

Cependant, pour la première fois nous avons observé une double action de PDIA1 

sur la production de superoxyde corrélé a l'activation de KRas: dans les cellules 

Caco2 et HKE3, l’inhibition de PDIA1 par si-RNA montre que PDIA1 stimule la 

production de superoxyde dépendante de Nox1. Alors que dans les cellules HCT116, 

PDIA1 limite la production de superoxyde. Ce comportement de PDIA1 dans 

HCT116 est associé à une augmentation de l'expression / activité Rac1. L’expression 

du mutant constitutivement actif Rac1G12V dans les HKE3 induit PDIA1 à restreindre 

la production de superoxyde dépendant de Nox1. Un screening des l’effets de 

l’inhibition de PDIA1 sur les grandes voies de signalisation cellulaire a montré dans 

les HKE3 une inactivation parallèle de GSK3ß et Stat3 suite à l’inhibition de PDIA1. 

Alors que dans les HCT116, GSK3β semble être inhibé à l’état basal et Stat3 activé, 

sans aucun effet de l’inhibition de PDIA1. L'inactivation de PDIA1 induit une 

diminution de la prolifération et de la migration cellulaire dans les HKE3, alors que 

aucun effet n’est détectable dans les HCT116. De plus nous avons identifiez un 

possible rôle de PDIA1 dans la transition épithéliale-mésenchymateuse (EMT), 

l’inhibition de PDIA1, induit une augmentation de l'expression de la E-cadhérine dans 



 
 

les HKE3 alors qu’elle induit une diminution dans les HCT116. La suractivation de 

Ras semble induire un changement dans le comportement de PDIA1 dans la 

régulation de Nox1. PDIA1 semble avoir rôle important dans la régulation de la 

production de ROS et les mécanismes d’adaptation au stress oxydatif permettent la 

survie cellulaire.  
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Reactive oxygen species (ROS) are ubiquitous intermediates associated with 

partial states of oxygen reduction and comprise free radicals such as superoxide, 

nitric oxide, carbonate etc, or associated non-free radicals such as hydrogen 

peroxide and peroxynitrite. These intermediates relate to a number of redox-

regulated targets, which include metal compounds or metalloproteins and thiol 

compounds, including protein and nonprotein thiols. Understanding the regulation of 

ROS metabolism and associated redox cell signaling is essential to advance into the 

mechanisms of normal and pathological cell (patho)physiology. Redox dysregulation 

has been described and investigated in essentially all types of disease, in particular 

chronic-degenerative diseases such as cardiovascular (hypertension, 

atherosclerosis), diabetes, neurodegeneration and cancer (1, 2) .  However, the 

involvement of redox processes in disease is not so straightforward. In fact, the 

dysregulation of ROS production does not sum up to a simple imbalance between 

oxidant and antioxidants, but is rather the result of loss of equilibrium of in redox 

signaling. One can also model oxidative stress as a disrupted redox signaling 

modularity (3). Redox signaling is involved in key process such as proliferation, 

migration, differentiation, apoptosis and survival; such responses are modulated by 

the type of ROS intermediate, amount, cellular sub-compartmentation, enzymatic 

source, physiologic cellular context and cell type.  In cancer, a significantly enhanced 

output of ROS is known to engage into disrupted signaling routes that further support 

tumorigenesis or metastasis (1, 4).  On the other hand, in some instances, oxidant 

processes can suppress tumor propagation(5). Such a dual behavior occurs in many 

other diseases. Most mechanisms accounting for enhanced oxidant generation 

converge to enzymatic sources of ROS, which include mitochondrial electron 

transport and Nox family NADPH oxidases (2). Noxes, in particular, have been 

increasingly implicated in the pathophysiology of cancer (6). However, the upstream 

mechanisms that govern Nox-dependent processes in cancer cells are unclear, as 

follows. 

 

1.1 Correlation between ROS and cancer 

 

ROS production dysregulation is a well-known hallmark of cancerization. ROS 

production is uniformely increased in tumor cells when compared to their non-tumoral 

cell counterparts. Enhanced ROS production and associated oxidative stress can 
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promote cancer initiation by inducing DNA damage, which lead to accumulation of 

mutations, genomic instability, and potential oncogenic mutations (1). In addition, 

after cancer initiation, sustained moderate fluxes of ROS sustain redox cell signaling 

and promote oncogenic hallmarks (7, 8) such as proliferation and migration, two key 

processes for tumoral progression, invasiveness, and metastasis formation. 

Fibroblasts transfected with proto-oncogene H-Ras mutant exhibit increased ROS 

production, leading to cell cancerization (9). Sublethal injection of H2O2 in murine 

model of lung cancer enhanced metastasis (10). The main sources of ROS in cancer 

cells are mitochondrial ROS due to an increase of cancer cell metabolism and the 

enzymatic complex NADPH oxidase activation.  

 

1.2 NADPH oxidases 

 

1.2.1 Nox family and NADPH oxidases complexes 

 

NADPH oxidases are enzymatic complex which catalyze oxygen reduction 

using NADPH as an electron donor, generating superoxide (O2 • -) and / or hydrogen 

peroxide (H2O2). Nox family are the main dedicated sources of ROS involved in 

redox cell signaling. The Nox family is composed of 7 isoforms: 5 Nox (Nox1 to 5) 

and 2 Duox (Duox1 and 2). All Nox isoforms present different degree of homology 

with Nox2, the founding member of the family, discovered originally in phagocytes, in 

which they play crucial roles in microbial killing and innate immunity (11). Nox 

complexes are formed by a catalytic Nox or Duox subunit, which present a canonical 

structure formed by 6 transmembrane domains, plus a specific set of distinct 

regulatory subunits (12). The transmembrane regulatory subunit p22phox subunit 

regulates the maturation and expression of Nox subunits and stabilizes each 

transmembrane complex, except for Nox5; p67phox and its homologue NoxA1 

mainly control the complex activation; p47phox or its homologue NoxO1 and 

p40phox contribute to the spatial organization of the complex. The Nox1-3 isoforms 

also require Rac1 or Rac2, small GTPases important for cytoskeletal regulation and 

cell shape. Nox5 and Duox isoforms require calcium for their activation and display 

calcium-binding domains, (13, 14) (as illustrated in Fig.1). Nox1,2,3 and 5 are 

principally located at the plasma membrane, but they also can be found in the other 
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cell endomembranes. Nox4 can be also found at the plasma membrane, but its main 

location appears to be the endoplasmic reticulum membrane (15). Of note, Nox 

NADPH oxidases in general have an important connection with the endoplasmic 

reticulum, as all of them are synthesize and mature in this organelle, inaddition to 

other types of interplay (15, 16). Part of the Nox2 and Nox5 pools locate at the ER 

(probably the immature or nascent enzyme complexes) (15).  Nox4, as well as Duox1 

and 2 can be found in association with mitochondria and recently Nox4 has been 

proposed as an ATPsensor (17). Nox4 and 5 can also locate at the nucleus (15). Nox 

1,2,3, and 5 produced principally superoxide, which in a second time can dismutase 

in H2O2 (spontaneously or mediated by SOD), whereas Nox4 and Duox 1and 2 

produced essentially H2O2 (18) Although Noxes display a number of important 

regulatory effects in cells and organ systems, the phenotype of mice genetically 

deleted for specific Nox subtypes is comparatively much less evident (19). In general, 

however, Noxes modulate cell signaling for survival, migration, senescence and 

autophagy (20) in a number of cell systems. 

 

Figure 1: Nox family /NADPH oxidases enzymatic complex 

(From Bedard and Krause 2007) (12) 

 

1.2.2 Nox NADPH oxidases and cancer  
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Nox proteins have been described to be involved in initiation and progression 

cancer process. Irani et al in 1997 (9) observed after fibroblast transfection with Ras 

protooncogene an increase of ROS production responsible for cell transformation. 

Moreover, ROS generation and cell transformation were inhibited by treatment with 

diphenylene iodonium, a flavoprotein inhibitor. Although this compound is not a 

specific Nox inhibitor, this suggested that Noxes complexes could be a possible 

source of ROS. Since then, numerous studies correlate Noxes activation with cancer 

initiation and progression. For example, in lung and liver cancer, Nox4, and its role in 

fibrosis, has been suggested to participate in the cancer process (16). Prostate 

cancer and melanomas present high Nox5 expression (21, 22). Nox1 involvement in 

inflammatory processes has been highlighted as one of the mechanisms involved in 

inflammatory bowel disease cancerization in CRC (6, 22). In HT29-D4 CRC cell line 

Nox1-dependent superoxide production support directional migration(23).  Moreover, 

Laurent and collaborators (24) established a correlation between KRas proto-

oncogene mutation and Nox1 expression in patients, and confirmed those data in 

murine models. In NRK (rat kidney fibroblast) cells, the transformation by KRasG12V 

requires Nox1 and si-RNA against Nox1 prevents cell transformation. In the same 

study, the authors showed that Ras sustain Nox1 up-regulation through the Ras-Raf-

MEK-ERK pathway, since a MEK inhibitor blocked Nox1 up regulation (25). Nox1 

activation is important to maintain Ras-induced malignant transformation. However, 

Nox1 super-expression alone is not sufficient to induce cell transformation (26). In 

Caco2 cells, activation of Ras induces Nox1 expression through MEK-ERK pathway 

(27). Importantly, 60% of CRC exhibit a mutation in Ras protooncogene or in one of 

its effectors. Ras proteins are GTPases that function as molecular switches 

regulating pathways responsible for cell proliferation and survival through canonical 

Raf-MEK-ERK and PI3K pathway. Aberrant Ras function is associated with hyper-

proliferative developmental disorders and cancer, associated with a single mutation, 

typically at codons 12, 13 or 61. Those mutations favor GTP binding and produce 

constitutive Ras activation (28). 
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1.3 Protein Disulfide Isomerases 

 

1.3.1 Protein Disulfide Isomerases in redox signaling and homeostasis 

 

One specific family of proteins related to redox signaling and homeostasis is 

the Protein Disulfide Isomerase (PDI) family. PDIs are a family of thioredoxin 

superfamily thiol oxidoreductase chaperones. The canonical activities of PDIs are 

oxidation, reduction or isomerization of protein substrate cysteine thiols during 

protein processing at the endoplasmic reticulum (ER) lumen. The prototype of this 

family, PDIA1, is a 55kDa U-shaped protein with 4 thioredoxin tandem domains 

arranged as a, b, b' and a', plus the C-terminal c-domain (29-31) (Fig.2). Most PDIs 

have also a chaperone effect for which the thiol groups are dispensable. Domains a 

and a' display redox-active dithiol Cys-X-X-Cys motifs, CGHC in the case of PDIA1. 

Domains b and b' display thioredoxin folds without redox-active dithiol domains and 

are enriched in hydrophobic residues accounting for substrate binding, as well as for 

the bulk of the chaperone activity. The C-terminal sequence Lys-Asp-Glu-Leu (KDEL) 

accounts for ER retrieval via mechanisms involving the KDEL receptor. Other PDI 

family members have analogous modular structure, but display distinct number and 

sequences of redox-active domains (29, 32). The PDIA1 molecule depicts significant 

plasticity:  reduced PDIA1 has a more contracted shape, while oxidized PDIA1 has 

an open configuration, exposing the b and b' substrate-binding domains, which in 

parallel enhances PDIA1 chaperone activity (Fig. 2). The concerted action of PDIs 

exerts a central role in ER-associated proteostasis and redox balance. 
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Figure 2: Structural features of PDIA1 

PDIA1 has a U-shaped structure composed of 4 tandem thioredoxin domains, 
arranged as a-b-b'-a', in which a domains bear thioredoxin redox motifs Cys-X-X-Cys 
(shown as black circles), Cys-Gly-His-Cys in the case of PDIA1. The b domains 
depict a thioredoxin fold structure but have no redox cysteine domains and are 
enriched in hydrophobic residues accounting for substrate-binding; also, the b and b' 
domains support the redox-independent chaperone activity of PDIA1. The x-linker 
connecting the b ' and a' domains is relatively unstructured and displays considerable 
mobility, being the main contributor to PDIA1 plasticity: reduced PDIA1 has a 
contracted configuration, while oxidized PDIA1 is open and exposes substrate-
binding domains, while enhancing its chaperone activity. The c domain bears a C-
terminal Lys-Asp-Glu-Leu sequence responsible for ER retrieval via KDEL receptor. 
(From Romer et al, 2016)(33) 

 

 Over the recent years, the importance of PDIA1 location at sites other than the 

ER, particularly the peri/epicellular PDIA1 pool (pecPDIA1), has been increasingly 

investigated, with a number of (patho)physiological thiol redox-related effects 

including regulation of thrombosis in endothelial cells and platelets, viral infection, 

metalloproteinase activation and cell adhesion (29, 31, 33). Translocation of PDIA1 

to the cell surface and extracellular milieu occurs without any accompanying 

detectable damage in plasma membrane, however it can substantially increase upon 

cell injury, given the very high intracellular expression of PDIs in general. In 
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endothelial cells, pecPDIA1 is estimated as <2% of the total cellular steady-state 

PDIA1 levels (34). The precise mechanisms whereby PDIA1 reaches the cell surface 

or is secreted extracellularly are yet unclear but involve Golgi-independent routes in 

endothelial cells (34). The effects of pecPDIA1 in thrombosis and platelet activation 

have been mainly observed from two lines of investigation. First, PDIA1 inhibition 

significantly reduces thrombus accumulation and fibrin generation upon endothelial 

cell injury in situ or arterial injury in vivo (33, 35-37). Moreover, mice with deletion of 

the a'domain of PDIA1 have impaired thrombus generation and the PDI a' domain 

cysteines are required for thrombosis-associated integrin signaling. Since mice with 

whole genetic PDIA1 deletion are embryonically lethal, similarly to those with 

selective deletion of the a domain, this indicates an important housekeeping function 

for the a domain, while the thrombosis effect seems more specific for the a' domain 

(38). The roles of PDIs in thrombosis have been at the forefront of clinical translation 

regarding the fast development of PDI inhibitors (39). Second, one of the major 

effects of pecPDIs is their direct regulation of integrin(s), reported in platelets, 

endothelial cells and vessel wall (40), with PDIA1 (as well as PDIA3 and PDIA6) 

having the main effect of reducing their disulfide bonds, thereby supporting integrin 

transition from the extended-moderate affinity to the extended-high affinity 

conformation (40, 41). Recently, however, our group was able to detect pecPDIA1-

mediated beta1 or alpha5-integrin oxidation upon short-term mechano-stimulation of 

VSMC or endothelial cells, respectively (34) (Tanaka et al, unpublished 

observations). Since PDIA1 does not exhibit a membrane-binding or a 

transmembrane domain, binding to integrins (e.g., beta3) is likely an important 

mechanism of PDIA1 retention in the extracellular space (33).  

The ubiquity of PDI expression and their roles described above led us to 

hypothesize that PDIs are involved in cancer. In fact, PDIA1 has been reported to be 

up regulated in numerous types of cancer (42-46), and support survival and tumoral 

progression but the mechanism involved remained unclear, as detailed in the next 

section. Evidences support that PDIA1 may be a relevant upstream mechanism 

regulating the generation of oxidant species in tumor cells. Conversely, further 

understanding the mechanisms associated with PDIA1/Nox convergence may help 

understand the roles of PDIA1 in cancer pathophysiology.  
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1.3.2 Protein Disulfide Isomerases and cancer  

 

PDI family proteins have been often reported to be up-regulated in several 

types of cancer (47). PDIA1 is reportedly over-expressed in melanoma, lymphoma, 

hepatocellular carcinoma, brain, kidney, ovarian, prostate and lung cancer (42-46). In 

these types of cancer, over-expressed PDIA1 is frequently correlated with 

metastasis, invasiveness and drug resistance (48, 49), whereas lower levels of 

PDIA1 are associated with a higher survival rate in patients with breast cancer and 

glioblastoma (50). In glial cells, breat cancer cells CRC, PDIA1 overexpression has 

been suggested as a cancer cell biomarker (50-52). Some studies highlight PDIA1 

protective effect in ER stress and in unfolded protein response as a mechanism to 

explain the role of PDIA1 in cancer process and drug resistance (53, 54). In parallel, 

some studies focus on PDIA1 inhibition as a target for cancer treatment, In ovarian 

cancer cells, the propionic acid carbamoyl methyl amide PACMA31, is a nonspecific 

PDIA1 inhibitor and its incubation promotes a cytotoxic effect on a set of human 

ovarian cancer cells. In mice with human ovarian cancer xenografts, PACMA31 

suppresses tumor growth without causing toxicity to normal tissues (42). However, 

the mechanisms by which PDIA1 support survival and tumoral progression are still 

unclear. As discussed below, previous work from our group highlight a strong 

functional convergence between PDIA1 and Nox1. Bearing in mind the importance of 

Noxes in cancer progression and initiation and PDIA1 and Nox1 convergence, we 

consider PDIA1/Nox1 convergence an important mechanism to be investigated in 

order to understand PDIA1 role on Cancer.  

 

1.3.3 PDIA1 interact with Nox family NADPH oxidases 

 

PDIA1 effect on NADPH oxidase complex regulation has been previously 

evidenced by our group,(55-57). We showed that PDIA1 is required for Nox1 

expression and related superoxide generation in VSMC. PDIA1 silencing and 

inhibition (bacitracin, si-RNA, anti-PDI antibody, DTNB) induce a decrease of 

angiotensin II (Ang II)-dependent NADPH oxidase activity (55, 57, 58), and a parallel 

decrease in Nox1 mRNA expression, without Nox4 mRNA alteration. Furthermore, 

PDI silencing reduces Ang II-induced Akt phosphorylation (58) and markedly impair 

the PDGF-induced migration of VSMC (57).  Acute overexpression of PDIA1 (2-3 
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fold) induces an agonist-independent increase in oxidant production and Nox1 

protein expression in VSMC (55, 57). In addition, there is a spontaneous increase of 

the migration in the basal condition (57). Additional data indicate a similar functional 

dependence of NADPH oxidase on PDIA1 in endothelial cells (59) and in intact cells 

(60), or cell-free system of human neutrophils (61). The mechanisms by which PDIA1 

assists the NADPH oxidase complex are not clearly elucidated. Co-

immunoprecipitation experiments have previously shown evidence of PDIA1 physical 

association with Nox1, 2 and 4 and with the regulatory subunit p22phox (in VSMC, 

macrophages and neutrophils), suggesting close proximity of PDIA1 with the 

assembled Nox complex, although the specific subunit to which PDIA1 was bound is 

not clear. One possibility is p47phox, which associates with PDIA1 in neutrophils via 

redox mechanisms (61). It is unclear at present whether PDIA1 affects the complex 

assembly, subcellular trafficking or location of specific subunits, or even the 

proteolytic degradation of these proteins. Considering that overexpression of PDI A1 

with mutation in all redox cysteines was still able to acutely activate NADPH oxidase 

activity (55), it is possible that a PDIA1 chaperone effect (known to be independent of 

redox thiols) may be involved, at least in the context of this model. Our data also 

indicate that changes in cellular redox status or NADPH availability are not likely to 

be primary factors explaining the effect of PDIA1 on oxidase (58, 59). In fact, PDIA1 

does not have characteristics of a redox buffer, considering its peculiar redox 

properties and its compartmentalization (62, 63). Moreover, the reactivity of PDIA1 

towards hydrogen peroxide is quite slow (64), indicating that PDIA1 is unlikely to be a 

mass-effect sensor of oxidant state such as the peroxiredoxins. Rather, PDIs appear 

to locally target more specific protein clients (30). 
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1.3.4 Protein Disulfide Isomerase and RhoGTPases 

 

Rho GTPases are small G-proteins, acting as "molecular switches" in a 

number of cell signaling pathways. Rho-GTPases, in particular, are involved in 

cellular processes related to the control of cytoskeletal organization which affect cell 

morphology, size, motility, adhesion, migration, cytokinesis, phagocytosis and 

vesicular traffic (65). Like all G-proteins, they are regulated by guanine exchange 

factors GEF and guanine-activating proteins GAP.  GEFs proteins induce GTPase 

activation and stimulate signal transduction by catalyzing the exchange of GDP by 

GTP. GAPs catalyze the return to inactive form, facilitating the hydrolysis of GTP in 

GDP. Different GEFs and GAPs may act specifically for each RhoGTPase (66). 

Additional RhoGTPase regulators are the RhoGDIs (Rho- guanine dissociation 

inhibitors), which are responsible for RhoGTPase subcellular traffic and repositioning 

able to inhibit GDP dissociation from the GTPase and also acting as chaperones 

protecting free GTPases in the cytosol from proteolysis. Thus, RhoGDIs modulate 

the membrane-cytosol cycle of GTPases and maintain inactive cytosolic GTPases 

(67) (Fig.3). Moreover, RhoGDIs addresses inactive GTPases to their specific sites of 

activation at the membrane. Together, GEFs, GAPs and GDIs are essential to the 

functional regulation of small GTPases.   

 

 

Figure 3: RhoGTPas regulation schema. From Huveneers & Danen 2009 (68) 
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Several evidences point to RhoGTPases as possible targets of the effects of 

PDIA1. PDIA1 silencing induced a significant reduction of Rac1 and RhoA activity in 

VSMC stimulated with PDGF, without altering the total expression of these proteins. 

Is important to notice that these effects were accompanied by cellular disrupted 

cytoskeletal remodeling, with stress fiber disorganization, less focal adhesions and 

vesicular adhesion structures. In VSMC PDIA1 colocalizes with RhoGDI in the 

perinuclear region, and co-immunoprecipitates with Rac1 and RhoA, both in the 

presence and absence of PDGF (57). Protein-protein physical interaction networks 

PPI analysis using databases and centrality analysis, and gene ontology data 

corroborated a strong convergence between PDIA1 and proteins of the small family 

GTPases of the Rho family (mainly Rac1 (Nox1 regulatory subunit), RhoA, Cdc42), in 

addition to the RhoGDI GTPase regulator (57). Furthermore, a recent study from our 

laboratory indicated that the PDI family genes display an intriguing arrangement with 

the genes coding for the family of RhoGDI (69). These genes display an extremely 

conserved microsyntenic clusterization, e.g., in humans: PDIA1-RhoGDIalpha in 

chromosome 17 with 7.1 kB intergenic distance; PDIA2-RhoGDIgamma in 

chromosome 16 with 0.14 kB intergenic distance and PDIA8-RhoGDIbeta with 2.9 kB 

intergenic distance. This arrangement pattern evolved from tandem duplications in 

the last common vertebrate ancestor, but the presence of a microsyntenic PDI close 

to a RhoGDI gene is much older, ca. 820million-years.  Functionally, PDIA1 protein 

physically associates with RhoGDIalpha in endothelial cells (69), extending our 

previous findings in the VSMC. 

The possibility of physical interactions between PDIA1 and RhoGTPases has 

also been explored in the context of other studies, with ongoing results suggestive of 

potential direct interaction (unpublished observations). Thus, our group works with 

the hypothesis that the interaction with RhoGTPases and their regulators is one of 

the central mechanisms of NADPH oxidase and cytoskeletal control by PDIA1. Given 

the functional importance and ubiquity of both PDIA1 and RhoGTPase family 

proteins, such interactions can have broad and important functional implications. 

 

1.4 Migration in cancer, and Epithelial Mesenchymal Transition 

 

Cancer cell migration is an important process involved in cancer invasiveness 

and metastasis formation. The epithelial mesenchymal transition is a key mechanism 
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in cell epithelial cell migration (70). EMT can be observed in 3 different situations: 

during fetal development process, during woundhealing post-injury, and finally in 

tumor invasion. EMT involves numerous biochemical and structural cell changes in 

which epithelial cells lose their epithelial characteristics and markers such as E-

Cadherin, Claudins, Occludins, demosplakin and cytokeratins, and switch to a 

mesenchymal phenotype, expressing more mesenchymal markers such as N-

Cadherin, Fibronectin, collagen I/II, snail and Vimentin. Cells with a mesenchymal 

phenotype are more migratory, invasive, and with a higher resistance to apoptosis. 

Polarized Epithelial cell turned rounder and lose part of it anchorage to the matrix, 

facilizing cell migration, produce more extracellular matrix and facilitate cell invasion 

(70) ( Fig.4 ). 

 

 

Figure 4: Epithelial-mesenchymal transition schema.  

From Kalluri & Weinberg 2009 (70). Epithelial markers were listed in red, and 

mesenchymal markers in green. 

 

1.5 Cancer colorectal 

 

According to data from GLOBOCAN of the WHO (http://globocan.iarc.fr), CRC 

is the third most common cancer in the world (1.4 million cases diagnosed in 2012), 

third in men and the second in women.  Those number continues to rise and WHO 

predicted that until 2035, 2.4 million cases will be diagnosed per year. still according 

to the WHO adenocarcinomas are the most frequent CRC about 95%, and 60% of 

CRC present an activating mutation on Ras protooncogene or in its effectors. 

Mechanism involved in CRC development are still poorly understood. Considering 

that colon cell produced a large amount of ROS and that CRC cells produce more 
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ROS than normal cells understand ROS regulation and redox cell signaling in CRC 

become an important mechanism to be investigated. 

We focused on colorectal cancer cells, since colorectal tissue expresses high 

protein expression levels of Noxes in basal/normal condition (71). 60% of CRC 

present a mutation in Ras proto-oncogenes or on one of their downstream effectors 

(72). Cells with Ras mutations exhibit enhanced generation of ROS (73). Analysis of 

samples from patients with colorectal tumors established a correlation with KRras-

activating mutations and elevated Nox1 expression (24). In the present study, we 

investigated mechanisms associated with PDIA1/Nox1 convergence in CRC 

comparing with or without sustained active Ras pathway. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2 Objectives 
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2.1 Principal aim 

 

To investigate mechanisms associated with PDIA1/Nox1 convergence in CRC 

comparing with or without sustained active Ras pathway. 

 

2.2 Specific aims  

1.  To investigate the effect of PDIA1 loss of function on ROS production and 

Nox1 activity. 

2. To address possible mechanisms underlying the effects of Ras on PDI/Nox1 

convergence. Focusing on Rac1 and its RhoGDI. 

3. To investigate the functional effect of PDIA1 loss of function focusing on cell 

migration (spheroid assay), which is an important process for tumor 

progression. 
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3.1 Reagents 

 

Unless otherwise stated, reagents were from Sigma. DPI (10 μM) was from 

Merck Millipore; Dihydroethidium (DHE) Molecular Probes ref.D1168; W56 (Rac1 

inhibitor) was from TOCRIS 2221. NoxA1ds (Nox1 inhibitor) was synthesized at the 

Department of Biophysics, UNIFESP, Sao Paulo, (as described (74)) NoxA1ds 

peptide sequence NH3-EPVDALGKAKV-CONH2, Scrambled NoxA1ds peptide 

sequence NH3-LVKGPDAEKVA-CONH2 . 

 

3.2 Cell Culture 

 

Human colon carcinoma cell lines, HCT116 and HKE3 are a gentle donation 

from MD. Walter Kolch (University College Dublin, Belfield, Dublin 4, Ireland). 

HCT116 and HKE3 cells were maintained in Dulbecco’s modified Eagle’s medium 

(DMEM) supplemented with 10% fetal bovine serum (FBS) (GIBCO Cell Culture 

systems, Invitrogen), at 37°C in a humidified atmosphere with 5% CO2. Caco2 cells 

were maintained in DMEM supplemented with 10% FBS and non-essential amino 

acids (from sigma, ref.M7145), at 37°C in a humidified atmosphere with 5% CO2. 

 

3.3 Cell Transfection 

 

HKE3 and HCT116, and Caco2 were transiently transfected using Amaxa 

nucleofactorTM system from Lonza, using Kit V (ref.VCA-1003) according to 

manufacturer's protocols (Nb: HKE3 cells were transfected using the same protocol 

as HCT116). For PDIA1 silencing, cells were transfected with 300 nmol of PDIA1 

triplex si-RNA (from OriGene) or stealth RNAi medium Universal negative control 

(from Invitrogen). All PDIA1 silencing experiments were performed after 72h of 

silencing. Overexpression of constitutively active Rac1 was achieved by transfection 

of 2µg pCDNA3.1-Rac1 G12V plasmids or 2µg pCDNA3.1empty vector; cells were 

analyzed 72h after transfection. 
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3.4 Western blot analysis 

 

Equal amounts of protein from lysates were resolved by SDS-PAGE. The 

following primary antibodies were used: anti-GAPDH (1/20 000 ref. ab8245) anti-

KRas (1/500 ref.137739); anti-Nox1 (1/1 000 ref.ab121009); anti-NoxA1 (1/1 000 

ref.ab68523); anti-NoxO1 (1/1 000 ref.ab34761); anti-Rac1 (1/1 000 ref.ab33186); 

anti-RhoGDI (1/2 000 ref.ab53850) from Abcam, anti-GSK3 total (1/1 000 ref.5676); 

anti-pGSK3 (1/1 000 ref.9331) from cell signaling, anti-RhoA (1/1 000 ref.SC26C4) 

from Santa Cruz Biotechnology, anti-GAPDH (1/20 000, ref.G8795) from Sigma, anti-

KDEL (1/1 000 ref.SPA-827) from stressgen, anti-PDIA1 (1/1 000, clone RL90 

ref.MA3-019) from Thermo. The HRP-coupled secondary antibodies were purchased 

from Cell Signaling Technology (1/5 000). Fluorescent coupled secondary antibodies 

were purchased from Odyssey (1/10 000, anti-mouse ref.926-32212, anti-Rabbit 926-

32223, anti-goat ref.926-32224) and fluorescent immunoblotting were scanned with 

the Odyssey near-infrared imaging system.  

 

3.5 PDIA1 quantification by ELISA 

For PDIA1 ELISA 2x106 cells was seed in 100mm cell culture dish, 24h after 

seeding cell were lysed in 300µL lysis buffer A (Hepes 20mM, NaCl 150mM, 

Glicerol10%, Triton 1%, EGTA 1mM, MgCl2 1.5mM). Following cell lysis soluble 

PDIA1 antigen was measured using the Human P4HB Pair Set enzyme-linked 

immunosorbent assay (ELISA) (Sino Biological Inc) according to the protocol 

described by the supplier. Briefly, 96-well microplate was coated with 100 µl per well 

of the diluted capture antibody and incubated overnight at 4°C. Thereafter, each 

sample was added for 2 h at room temperature. Following, 100 µl of detection 

antibody conjugated to horseradish-peroxidase (HRP) was incubated for 2 h at room 

temperature. Plates were washed three times after each incubation. Finally, 200 µl of 

tetramethylbenzidine (TMB) solution were added for 30 min and optical density of 

each well were determined immediately using a microplate reader (SpectraMax 340, 

Molecular Devices) set to 450 nm. The values were determined according a standard 

curve, and normalized according to the total protein dosage. 
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3.6 Measurement of Rac1 and Ras activity 

 

Rac1 activity was assessed by G-lisa (ref.BK128) protocol, as furnished by the 

manufacturer Cytoskeleton cells were starved 16h before assay. For the pulldown 

assay of activated KRas, cells were starved for 16h and incubated for 10min with 

25ng/mL of EGF. Cells were harvested on G-lisa lysis buffer (ref.GL36 from 

cytoskeleton) and centrifuged at 12 000g, 10min, 4 °C. Homogenates (600µg) were 

incubated for 2h with glutathione S-transferase-Ras binding domain (GST-RBD, to 

detect active KRas) previously coupled to glutathione-Sepharose (ref.17-0756-01 

from GE Health Care) at 4 °C under gentle agitation. After washing three times 

(50mM Tris, pH7.5, 0.5% Triton X-100, 150mM NaCl, 5mM MgCl2), proteins retained 

on the resins were released in Laemmli sample buffer and boiled for 5min at 100°C. 

Proteins were analyzed by immunoblotting with anti-KRas antibody.  

 

3.7 Co-immunoprecipitation experiments 

 

Cells 10x106 were grown to confluence in 150mm plates, washed 3 times in 

PBS buffer and 2ml of lysis buffer (20mM Tris-HCl pH 7.8, 250mM sucrose, 1mM 

MgCl2 and 1mM CaCl2) supplemented with protease (1mM PMSF, 1µg/ml leupeptin 

and aprotinin) and phosphatase (50mM sodium fluoride, 2mM sodium orthovanadate, 

10mM sodium pyrophosphate) inhibitors. Cells kept for 20min over ice were scraped 

and collected in a final volume of 5ml. The cell suspension was transferred to a 35ml 

nitrogen cavitation bomb for 30min in 400psi nitrogen pressure, on ice. Intact cells, 

large debris and nucleus were removed by centrifugation at 1 000g for 10min at 4°C. 

Lysates were incubated overnight at 4°C under agitation with 8µg of PDIA1 antibody, 

followed by incubation with 70μl of Protein G-coated magnetic beads (ref.28-9513-79 

from GE Health Care) for 4h at 4°C. Beads were successively washed in sucrose 

buffer to remove contaminating material, resuspended in modified FLAG lysis buffer 

(50mM Tris-HCl pH 7.4, 150mM NaCl, 1mM EDTA, 1% Triton X100 and 1% CHAPS) 

supplemented with a protease and phosphatase inhibitors. After 1h of incubation at 

room temperature, Laemmli sample buffer was added and incubated at room 

temperature for additional 1h. KRas was detected by immunoblot.  
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3.8 Detection of ROS Production  

 

Intracellular cell ROS production was assessed by HPLC analysis of 

dihydroethidium (DHE)-derived oxidation products, as described by Fernandes and 

al. in 2007 (75). DHE oxidation produces, among many others, 2 major products: 2-

hidroxyethidiium (EOH), which is representative of superoxide species, and Ethidium, 

representative of other oxidant species. Cells were starved for 4h and incubated or 

not 2h with 10µM of the Nox1 peptide inhibitor NoxA1ds or 50µM of W56 Rac1 

peptide inhibitor. Cells were washed with HBSS without phenol red, Ca2+ and Mg2+, 

and incubated for 30min with 100μM DHE, plus the inhibitors, on HBSS without Ca2+ 

and Mg2+. Cells were washed with cold PBS, harvested in 500µl acetonitrile and 

centrifuged (12 000 × g for 10min at 4 °C). The homogenate was dried under vacuum 

and analyzed by HPLC with fluorescence detectors (Waters 2475 HPLC, Colum 

Synergi 4µ Polar-RP 80A from Allcrom ref.00F-4336-E0). Quantification of DHE, 

EOH, and ethidium concentrations was performed by comparison of integrated peak 

areas between the obtained and standard curves of each product under identical 

chromatographic conditions. EOH and ethidium were monitored by fluorescence 

detection with excitation 480nm and emission 580nm, whereas DHE was monitored 

by ultraviolet absorption at 245nm. Results were expressed as calculated EOH or 

ethidium concentrations (micromolar), normalized for consumed DHE (i.e. initial 

minus remaining DHE concentration in the sample). 

 

3.9 Lucigenin oxidation assay 

 

 As described previously in de Carvalho et al. 2008 (76) cells were seeded 

25x103 cells/well in white opaque 96-well plates 24h after PDIA1 silencing; the next 

day cells were starved for 16h, cells were incubated with lucigenin (10µM final) and 

NAPDH in DMEM without phenol red, lucigenin oxidation induce chemiluminescence, 

detected by a Fluoroscan Ascent FL fluorimeter (Labsystems, France). The signal 

was assessed every min for 45 min. The area under the curve was integrated to 

express the ROS production during the time of measurements. 
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3.10 PathScan® Intracellular Signaling Array  

 

Signaling pathways associated with the effects of PDIA1 loss-of-function were 

investigated by the PathScan® Intracellular Signaling Array Kit (ref.7323), which is a 

slide-based antibody array optimizing the performance of sandwich immunoassays. 

The kit allows the simultaneous detection of 18 signaling molecules (described in 

Fig.4) which are either phosphorylated or cleaved. Target-specific capture antibodies 

were spotted in duplicate onto nitrocellulose-coated glass slides. Quantification of all 

spot intensities was performed using ImageJ software. 

 

3.11 Cell migration assays spheroids 

 

Three-dimensional cell invasion assay was adapted from previously published 

works (77, 78). Twenty-four hours after cell transfection with PDIA1 si-RNA cells are 

trypsinized, counted and re-suspended in complete medium containing 2.4 mg/ml 

methylcellulose. In order to start the experiment with equivalent size T0 spheroids 

1 500 cells per well were seed for HKE3 vs. 1 000 for HCT116.  The suspension 

(100µl) was added into each well of a U-bottom 96-well-plate, allowing the formation 

of one spheroid per well. Twenty-four h after plating (T0), spheroids were transferred 

to a flat-bottom 24-well-plate coated with 10µg/mL of fibronectin. Pictures were taken 

at T0 and T48h in a Olympus microscope, objective 2X. Invasion was quantified by 

measuring the area occupied by cells spheroid expansion at T0 and T48h using 

ImageJ software. Spheroid expansion was calculated as: (T48h total evasion area – 

T0 initial spheroid area)/ T0 initial spheroid area. For the proliferation analysis, 24h 

after plating (T0), spheroids stayed on a U-bottom 96-well-plate with methylcellulose 

media, and spheroid surface area were measured at T0 and T48h using ImageJ 

software. Spheroid growth was calculated as: T48h spheroid area/ T0 spheroid area.  

T0 spheroids out of mean size range were exclude from the analysis. 
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3.12 RNASeq Datamining 

 

Experiments used: Caco2: SRR1580950, SRR4249634, SRR4249633, 

SRR4249636, SRR1581012, SRR4249635. HCT116: SRR1636085, SRR3228429, 

SRR5009474, SRR5297165, SRR1636086, SRR3228430, SRR5009521, 

SRR5297166, SRR1636087, SRR5009406, SRR5009538, SRR902610. HCT15: 

SRR1756568, DRR046626, ERR208903. 

Experiments of the lineages listed were retrieved from NCBI's SRA through searches 

during the months of November and December 2017. Samples containing metadata 

information indicating any type of treatment were discarded. Samples that were 

included had indications that they were experimental controls or did not show any 

metadata indicating otherwise. Expression correlation analysis of transcripts between 

samples was performed using the PoissonDistance and pheatmap functions of the 

PoiClaClu (v.1.0.2) and pheatmap (v.1.0.8) R packages. Samples that had very 

different behavior in relation to the majority of the same cell line or similar with 

different strains other than their own were discarded. That is, according to the 

position of the sample in the hierarchical clustering procedure and the distance. 

Quality control was done with FastQC (v0.11.5) and MultiQC (v1.0) with default 

settings. For sequence mapping, the HiSat2 (v2.0.5) aligner and the preformatted 

index of the reference GRCh38 release 84 of the H. sapiens genome from the 

Ensembl project was used, including dbSNP (b144) variants, splice site and exon 

position information. For transcript assembly, StringTie (v1.3.1c) with strict GRCh38 

annotation was used. The transcript data was tested for differential expression with 

the BallGown (v2.6.0) package in the R (v3.4.0) environment. A differential 

expression relevance cut was used for false discovery rates of less than 0.05, 

expression change rates greater than 2, and FPKMs greater than 1 in at least half of 

the lineage samples. 

 

3.13 Statistical Analyses 

 

Data are presented as mean ± SD. Comparisons were performed by paired 

Student t test, one-way ANOVA with Tukey's multiple comparisons test post-hoc test 

using GraphPad Prism 7.0 (GraphPad Software Inc., CA, USA). Significance level 

was p≤0.05. 



 

 

 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

 

4 Results 
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4.1 Cell models used in the present study 

 

To address the role of PDIA1 in colon cancer and specially on Nox regulation, 

we used a set of colon carcinoma cell lines (Caco2, HKE3 and HCT116) in Table 1, 

Caco2 colon carcinoma cell line was used as a non-mutated wild-type KRas pathway 

control for HKE3 and HCT116 cells. HKE3 and HCT116 are a pair of isogenic cell 

lines which differ in KRas activity and expression, being higher in HCT116 vs. HKE3 

(Fig.5A) (79). Thus, HKE3 cells work as an appropriate control for HCT116 cells, with 

a lower KRas activity and expression. 

 

4.2 PDIA1 expression corelate with Ras activation 

 

To address if KRasG13D mutation correlates with increase of PDIA1 expression, 

a RNAseq analysis comparing CRC cell lines presenting KRasG13D mutation 

(HCT116, HCT15) vs. non-mutated (Caco2) was performed. Our analysis showed 

that HCT116 cells express 3.6-fold and HCT15 cells 3.1-fold PDIA1 mRNA vs. Caco2 

(Fig.5B, C). However, increased PDIA1 protein expression in HCT116 versus HKE3 

or Caco2 was observed by Western blot analysis (for this experiment we load only 

5µg of total proteins lysate, higher quantity lead to a PDIA1 saturated signal) 

(Fig.5D). This was confirmed through ELISA intracellular PDIA1 titration (Fig.5E). ER 

stress was assessed through the expression of KDEL-containing chaperones Grp78 

and Grp94 by anti-KDEL western blot analysis. ER stress marker expression showed 

no difference among the distinct cell lines, (Fig.5F). As a control, we transfected 

primary VSMC with Ras overactivated mutant, and observed an analogous increase 

of PDIA1 gene expression vs. empty vector (supplementary data Fig.S2). Thus, 

PDIA1 protein expression increases together with increased Ras activation. 
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Table1: Colon carcinoma cell line characterization and respective mutations. Focus on gene of APC adenomatous polyposis 
coli, BRAF , CDKN2A cyclin-dependent kinase Inhibitor 2A, CTNNB1 Catenin beta-1, PK3CA Phosphatidylinositol-4,5-
Bisphosphate 3-Kinase Catalytic Subunit Alpha, SMAD4 SMAD family member 4, KRAS Kirsten rat sarcoma viral oncogene 
homolog, TP53. All data were obtained from ATCC web site plus above references. *stop codon ; fs* : frame shift ; del : deletion. 

 

Cell line 
Derived 

from 
Stage APC BRAF CDKN2A CTNNB1 PK3CA SMAD4 KRAS TP53 References 

Caco2 
Primary 
tumor 

72 yr.-old 
individual 

ND p.G1367* wt wt p.G245A wt wt wt p.E204X 

Fogh et al., 
1977(80) 

Ilyas et al., 
1997(81) 

Vijaya Chandra et 
al., 2012(82) 

HCT15 
Primary 
tumor 

Male DLD1 
isogenic cell 

Dukes’C p.I1417fs*2 wt wt wt 
p.E545K 
p.D549N 

wt p.G13D p.S241F 
Dexter et al., 

1979(83) 

HCT116 
Primary 
tumor 

48 yr.-old 
male 

Dukes’D wt wt p.R24fs*20 p.S45del p.H1047R wt p.G13D wt 
Brattain et al., 

1981(84) 

HKE3 HCT116 
isogenic cell Dukes’D wt wt p.R24fs*20 p.S45del p.H1047R wt 

p.G13D 
p.G12C 

wt 

Shirasawa et al., 
1995(85) 

Fasterius et al., 
2017(79) 

 

HT29-D4 
HT29 clone 

Primary 
tumor 

44 yr.-old 
female 

Dukes’C p.E853* p.V600E wt wt p.P449T p.Q311* wt p.R273H 

Fogh and 
Trempe, 1975(86) 

Fantini et al., 
1986(87) 
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Figure 5:  PDIA1 expression corrolate with KRas activation:  

KRas expression and activity (A) in Caco2, HKE3 and HCT116 cells. Active 
KRas was pulled down with GST-RBD beads from lysates of serum starved 
cells treated with EGF 25ng/mL for 10min. Aliquots of the lysates were blotted 
for total KRas and GAPDH as loading control. Relative KRas activity: relative 
KRas expression levels were normalized to GAPDH expression levels. 
Immunoblots were quantified using odyssey software. RNAseq analysis (B), 
P4HB (PDIA1 gene) in Caco2, HCT116 and HCT15 mean expression in FPKM 
(Fragments Per Kilobase Million), (C) P4HB fold-change expression HCT15 vs. 
Caco2 and HCT116 vs. Caco2. (D) Intracellular PDIA1 titration, sing Human 
P4HB ELISA Pair Set (SinoBiological). Test t (p<0,01)**, (n=4) ;  (E) PDIA1 
basal protein expression by western analysis relative protein expression levels 
were normalized to GAPDH expression levels. (F) Basal KDEL expression in 
Caco2, HKE3 and HCT116 (n=3). 
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4.3 PDIA1 silencing promotes a dual, Ras-dependent, effect on 

superoxide production 

 

To further address the effects of PDIA1 on ROS production, we 

investigated the effects of PDIA1 silencing, in superoxide generation assessed 

through DHE / HPLC method. PDIA1 silencing led to decreased superoxide 

generation in HKE3 and Caco2 (Fig.6A, B), a result in line with our previous 

studies in VSMC (57). Whereas, in HCT116 cells, PDIA1 silencing promoted 

increased superoxide production. (Fig.6C). These results were confirmed using 

the lucigenin reductase assay (Fig.7). Thus, the presence of overactivated Ras 

associates with a disrupted pattern of PDIA1-mediated regulation of superoxide 

production. Is important to notice that HKE3 and HCT116 have the same basal 

ROS production (Suplementary data Fig.S1). However, ER stress marker 

expression was unaltered by PDIA1 silencing in HKE3 and HCT116 cells, 

indicating that increased superoxide in HCT116 cells was not due to ER stress 

(Fig.6D). An analogous effect of PDIA1 was observed in HT29-D4 cells, which 

exhibit an activating mutation (V600E) on Braf, a downstream Ras effector; 

PDIA1 silencing in these cells associates with increased superoxide production 

(Fig.7D). 
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Figure 6: Role of PDIA1 in oxidant generation by colon carcinoma cells 
with distinct levels of KRas activation: 

(A,B,C) ROS production after 72h of PDIA1 Silencing, measured by DHE 
oxidation detected by HPLC. DHE oxidation produces, among many others, 2 
major products: 2-hidroxyethidiium (EOH), which is representative of superoxide 
species, and Ethidium, representative of other oxidant species. negative si-RNA 
control, si-PDI: si-RNA against PDIA1 protein. Representative immunoblots of 
PDI silencing for each cell. t Test (p<0,05)* (p<0,01)**. For Caco2 cells n=3 ; 
HKE3 cells n=4 ; HCT116 cells n=5. (D) HKE3 and HCT116 KDEL expression 
72h after PDIA1 silencing (n=3). 
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Figure 7: Measure of ROS production in Caco2 ,HKE3, HCT116 and  HT29-
D4 cells. 

(A,B,C,D) ROS production , measured by lucigenin oxidation assay scrmb: si-
RNA negative control;  si-PDI: si-RNA against PDIA1; scrmb+DPI: si-RNA 
negative control treated with 10µM of DPI (flavoproteins inhibitor); si-PDI+ DPI: 
si-RNA againt PDIA1 treated with 10µM of DPI; si-PDI + si-Nox1: concomitant 
PDIA1 and Nox1 silencing; si-PDI + si-Nox1+ DPI : concomitant PDIA1 and 
Nox1 silencing treated with 10µM of DPI (n=3). t Test (p<0,05)* (p<0,01)**. 
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4.4 PDIA1 silencing sustains superoxide production in HCT116 through 

Nox1 NADPH oxidase complex  

 

In order to identify the source of superoxide production in our cells, we 

characterized the protein expression of Nox NADPH oxidase complex subunits. 

Western blot analysis of Nox1 and Nox4 showed that both catalytic subunits 

were more expressed in HKE3 and HCT116 vs. Caco2 control, consistent with 

the known correlation between Ras activation and both Noxes  (72) (Fig.8B). 

when we looked on regulatory Nox subunits modelized in figure 8A, Caco2 cells 

expressed significantly more Nox Activator 1 (NoxA1, a p67phox analog) than 

HCT116 and HKE3. however, the expression of p67phox did not differ among 

each cell type. Interestingly, Nox organizer 1 (NoxO1, a p47phox analog) 

expression was significantly higher in HCT116 vs. other cell lines, including 

HKE3, while p47phox was expressed in higher level in HKE3 and Caco2 

(Fig.8B). focusing on the expression of RhoGTPases and their regulators, we 

showed that HCT116 expressed more Rac1 than Caco2 and HKE3, while RhoA 

expression showed an inverse pattern, with low expression in HCT116 cells. In 

turn, Caco2 expressed less RhoGDIα than HKE3 and HCT116 (Fig.8C). In 

addition to protein expression assessment, we addressed Rac1 basal activity 

using G-lisa kit, and showed HCT116 cells higher activity Than. HKE3 (Fig.8D).  
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Figure 8: Expression of Nox NADPH oxidase subunits and RhoGTPase-
related proteins in colon carcinoma cells with distinct levels of KRas 

activation:  

(A) Nox1 and Nox4 complex schema. (B) Nox1, Nox4, NoxA1, p67phox, NoxO1 
and p47phox basal protein expression by western blot analysis GAPDH protein 
expression was used as loading control. (C) RhoGDIα, RhoA and Rac1 basal 
protein expression by western blot analysis GAPDH protein expression was 
used as loading control. (D) Rac1 basal activity, using Rac1 G-LISA activation 
assay (cytoskeleton,inc). t test (p<0,05)*, (n=2).  

 

To addressee if Nox1 was a possible source of superoxide in HCT116 

cells, we used NoxA1ds a Nox1 peptide inhibitor (74). Incubation with this 10µM 

cell-permeable peptide for 2h led to decreased superoxide production in 

HCT116, which was statistically significant after PDIA1 silencing. Therefore, 

Nox1 complex contributes to superoxide production in HCT116 after PDIA1 

silencing (Fig.9A). This data were in line with results in HT29-D4 cells, in which 

superoxide increase after PDIA1 silencing was prevented by concomitant Nox1 

silencing (Fig.7D). We next addressed whether PDIA1 silencing affected protein 

expression of Nox1 or its regulatory subunits. PDIA1 silencing in HKE3 and 

HCT116 cells did not alter Nox1, p67phox and Noxo1 protein expression 

(Fig.9B). Rac1 protein expression was slightly decreased by PDIA1 silencing in 

HKE3, but not HCT116 cells (Fig.9C). Interestingly, PDIA1 silencing promoted 

decrease in RhoGDIα protein expression in HKE3 but not in HCT116 (Fig.9B), 
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in line with the results for Rac1. This led us to propose that PDIA1 sustains 

Nox1 activity through RhoGDIα and Rac1, while in a context of KRas 

overactivation, KRas would bypass PDIA1/ Nox1 regulation by directly 

sustaining high Rac1 activity in HCT116 cells.  

 

 

 

Figure 9: Effects of PDIA1 silencing in Nox1-dependent superoxide 
generation by HCT116 cells with overactivated KRas:  

(A) Superoxide production in HCT116 after 72h of PDIA1 silencing treated with 
10µM of NoxA1ds Nox1’s peptide inhibitor, measured by DHE oxidation 
detected by HPLC. EOH: 2-hidroxyethidiium relative superoxide production. si-
PDI: si-RNA against PDIA1 protein, Scrmb NoxA1ds: NoxA1ds negative control 
peptide, NoxA1ds: Nox1 peptide inhibitor. Test Anova plus Tukey's multiple 
comparisons test (p<0,01)**(n=3). (B) NoxO1, RhoGDIα protein expression by 
western analysis after PDIA1 silencing, GAPDH protein expression was used as 
loading control. (C) Rac1 protein expression by western analysis after PDIA1 
silencing, GAPDH protein expression was used as loading control. 
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4.5 KRas overactivation bypasses PDIA1/ Nox1 regulation by sustaining 

high Rac1 activity 

 

In order to investigate if Rac1 activation could be responsible for the 

sustained Nox1 activation in HCT116 cells, HKE3 were transfected with 

Rac1G12V (overactivated Rac1 mutant) in order to mimic HCT116 cells. In 

contrast with HKE3 cells without active Rac1 transfection, there was an 

increase in superoxide production after 72h of PDIA1 silencing (Fig.10A), such 

as in HCT116 cells (Fig.6C). In addition, in HCT116 cells treated with the Rac1 

peptide inhibitor W56 (50µM, 2h), there was a decrease in superoxide 

production after PDIA1 silencing (Fig.10B). These results suggest that 

sustained Rac1 activation may contribute to the switch of PDIA1-dependent 

regulation from supporting to limiting superoxide production, respectively in cells 

with low-levels vs. overactivated KRas. 

 

 

Figure 10:  Role of Rac1 in the regulation of PDIA1 – Nox1 axis:  

(A) ROS production in HKE3 transfected with Rac1G12V after 72h of PDIA1 
Silencing treated with 10µM of NoxA1ds Nox1’s peptide inhibitor, measured by 
DHE oxidation detected by HPLC. EOH: 2-hidroxyethidiium relative superoxide 
production. Test Anova plus Tukey's multiple comparisons test (p<0,01)** (n=3). 
(B) ROS production in HCT116 after 72h of PDIA1 Silencing treated with 50µM 
of W56 Rac1 peptide inhibitor, measured by DHE oxidation detected by HPLC. 
EOH: 2-hidroxyethidiium relative superoxide production. Test Anova plus 
Tukey's multiple comparisons test (p<0,05)* (n=4).  
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4.6 PDIA1-mediated effects on superoxide generation potentially 

involves its interactions with KRas and Rac1  

 

The results let put forward a new idea in which PDIA1 may act as a 

servomechanism, (oscillator) at first supporting, while in parallel posing a limit to 

superoxide generation, and these dual effects correlate with differential 

activations of Rac1 and KRas. In order to further understand these pathways, 

we investigated possible interactions between PDIA1 and both proteins. To 

address the interaction between PDIA1 and KRas, we investigated distinct 

methods of homogenate separation. Using a technique able to preserve 

sensitive protein complexes and/or subcellular microdomains, since we know 

that Ras localized in membranes nanoclusters (88). We showed that 

immunoprecipitation of PDIA1 yielded enhanced protein amounts in HCT116 vs. 

HKE3 and Caco2 cells (Fig.11), consistent with the differences observed in 

Figs. 5D and 5E. Moreover, PDIA1 co-immunoprecipitated with KRas (Fig.11) in 

all cell types, with an enhanced detectable interaction in HCT116. In the latter, 

PDIA1 exhibited detectable interaction with Rac1 (Fig.11). Classical co-

immunoprecipitation protocols failed to show this interaction. Similar interactions 

between PDIA1/KRas and PDIA1/Rac1 were also detected in HUVEC 

(Supplementary data Fig.S3), while an interaction between PDIA1 and Rac1 

was previously detected in VSMC (57). Together, these results provide further 

support for roles of KRas and Rac1 as mechanisms explaining the dual effects 

of PDIA1 on superoxide generation.  
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Figure 11: PDIA1 co-immunoprecipitation 

IP: PDIA1 immunoprecipitation in Caco2, HKE3 and HCT116 cell, IGG: 
Immunoglobulin control, Input: 1% of total protein lysate, IB: immunoblot against 
PDIA1, KRas, and Rac1 proteins Tubulin protein expression was used as 
loading control, (n=2). 

 

4.7  Screening of cell signaling routes affected by PDIA1 silencing 

highlight GSK3β and Stat3. 

 

In a second time we performed a screening of the major cell signaling 

pathways using PathScan® Intracellular Signaling Array Kit. In order to 

underline a mechanism to explain the disruption of PDIA1-mediated regulation 

of superoxide generation in colon carcinoma cells with Ras overactivation. The 

PathScan®kit is based on sandwich immunoassay principle, which establishes 

the activation state of 18 key cell signaling proteins by their specific 

phosphorylation or cleavage. This assay was performed in HKE3 and HCT116 

cells basal PDIA1 expression vs. PDIA1 silencing (Fig.12). We identified 9 

protein alterations (phosphorylations or cleavages) induced by PDIA1 silencing 

or due to differences between HKE3 and HCT116: Stat3, p70 S6 ribosomal 

protein, HSP27, Bad, PRAS40, PARP, p38, Caspase-3 and GSK3β (Fig.12 and 

Supplementary Fig.S4). Among these, the most consistent were 

phosphorylations of GSK3β and Stat3. GSK3β (Glycogen synthase kinase-3 

beta) is a constitutively active protein kinase inactivated by Ser9 

phosphorylation. GSK3β behaves as positive regulator of Stat3 (89). Stat3 is a 

transcription factor for many cytokines and growth factor receptors, activated by 
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Tyr705 phosphorylation, which induces its dimerization, nuclear translocation 

and DNA binding. Our assay showed that in HKE3 cells PDIA1 silencing 

induced Ser9 GSK3β phosphorylation (suggestive of inactivation) and reduced 

Tyr705 Stat3 phophorylation, suggesting its lower activation upon PDIA1 

silencing. Conversely, in HCT116 cells, Ser9 phosphorylation of GSK3β is 

significantly elevated already at baseline and stays elevated upon PDIA1 

silencing. Meanwhile, Stat3 Tyr705 phosphorylation is also enhanced at 

baseline and remains high after PDIA1 silencing. Results with GSK3β were 

validated by Western blot analysis (supplementary data Fig.S5). These results 

indicate that GSK3β/Stat3 regulation is disrupted in HCT116 cells. Stat3 is well 

known to be regulated by Rac1 (90); we propose this may be a possible 

mechanism to sustain Stat3 activation in HCT116 cells.  
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Figure 12: PathScan Assay screening of cell signaling targets of PDIA1 in 
HKE3 and HCT116 cells.  

 Total array analysis. All array’s spot were quantified and analyzed using 
ImageJ software. PDIA1 silencing was checked by immunoblot analysis. Scrmb: 
si-RNA negative control; si-PDI: si-RNA against PDIA1. ERK1/2 Thr202/Tyr204 
Phosphorylation; Stat1 Tyr701 Phosphorylation; Stat3 Tyr705 Phosphorylation; 
Akt Thr308 Phosphorylation; Akt Ser473 Phosphorylation; AMPKa Thr172 
Phosphorylation; S6 Ribosomal Protein Ser235/236 Phosphorylation; mTOR 
Ser2448 Phosphorylation; HSP27 Ser78 Phosphorylation; Bad Ser112 
Phosphorylation; p70 S6 Kinase Thr389 Phosphorylation; PRAS40 Thr246 
Phosphorylation; p53 Ser15 Phosphorylation; p38 Thr180/Tyr182 
Phosphorylation; SAPK/JNK Thr183/Tyr185 Phosphorylation; PARP Asp214 
Cleavage; Caspase-3 Asp175 Cleavage; GSK-3b Ser9 Phosphorylation. 
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Both GSK3β and Stat3 have been strongly involved with tumorigenesis 

and metastasis induction, as well as other processes such as EMT (89, 91). 

Moreover, Stat3 was described to negatively regulates E- cadherin in CRC (92) 

.  To gain further insight into these connections, we investigated the effects of 

PDIA1 silencing in the expression of E-cadherin, a well-known marker of the 

epithelial phenotype.  Western blot analysis showed that HCT116 cells 

expressed less E-cadherin (that is, enhanced mesenchymal shift) vs. HKE3 and 

Caco2 at baseline (Fig.13A). PDIA1 silencing induced an increase in E-cadherin 

protein expression in HKE3 cells (Fig.13C), while further decreasing it in 

HCT116 (Fig.13D). These results are in line with the disrupted regulation of the 

GSK3β/Stat3 axis in the latter. E-cadherin protein expression was unaltered in 

Caco2 (Fig.13B), probably due to their APC mutation. 

 

 

Figure 13: Effects of PDIA1 silencing on epithelial phenotype in colon 
carcinoma cells with distinct levels of KRas activation:  

(A) Basal E-cadherin (E-cad) protein expression by immunoblot GAPDH protein 
expression was used as loading control, (n=3). (B) E-cadherin protein 
expression by immunoblot after PDIA1 silencing in Caco2 cells, GAPDH protein 
expression was used as loading control, (n=2). (C) E-cadherin protein 
expression by immunoblot after PDIA1 silencing in HKE3 cells, GAPDH protein 
expression was used as loading control, (n=3). (D) E-cadherin protein 
expression by immunoblot after PDIA1 silencing in HCT116 cells, GAPDH 
protein expression was used as loading control, (n=3).  
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4.8 Functional effects of PDIA1 silencing on cell proliferation and 

migration 

 

Our results indicate a central role of PDIA1 in the regulation of oxidant 

generation in colon carcinoma cells. Since the generation of ROS is tightly 

linked to the regulation of cell proliferation, migration and survival, we sought to 

investigate functional readouts of PDIA1 effects in tumor dynamics. The 

spheroid assay, also termed 3-D culture, can provide information of cell 

proliferation and evasion, mimicking tumors and cell escape. The growth of 

tumor cell spheroids was investigated by measuring total spheroid area at T0 

and T48h, calculated as the ratio T48h spheroid area / T0 initial spheroid area. 

HCT116 growth was expectedly higher than that of HKE3 cells. PDIA1 silencing 

induced a decrease in spheroid growth for HKE3, but not for HCT116 cells 

(Fig.14A, B). To assess cell evasion after spheroid formation, spheroids were 

placed on fibronectin 2-D matrix and their areas assessed at T0 and T48h. Cell 

evasion was calculated as (T48h total evasion area – T0 initial spheroid area)/ 

T0 initial spheroid area. PDIA1 silencing promoted a decrease in cell evasion in 

HKE3 and no modification in HCT116 (Fig.14C, D). These data are consistent 

with results of a 2-D random migration assay in HT29-D4 cells (Supplementary 

Data Table S1) and are in line with previous data in VSMC (57).  
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Figure 14: Effects of PDIA1 silencing on spheroid growth / invasiveness in 
colon carcinoma cells with distinct levels of KRas activation:   

Cell three dimensional proliferation assay (A) representative phase-contrast 
images of spheroid proliferation with or without PDIA1 silencing, pictures were 
taken at T0 and T48h after spheroids formation on methylcellulose media. (B) 
Proliferation analysis, spheroid surface area was measure at T0 and T48h, 
using ImageJ software, 17 up to 27 spheroids were analyzed for each condition. 
Effect of PDIA1 silencing on cell invasion (C) representative phase-contrast 
images of spheroid invasion in 2D 10µM fibronectin matrix, pictures were taken 
at T0 and T48h after spheroids were laid down on matrix. (D). Spheroids 2D 
invasion analysis, total spheroid extension was measured at T0 and T48h using 
ImageJ software, 12 up to 17 spheroids were analyzed for each condition. Data 
were expressed as the mean fold ± S.D, test Anova plus Tukey's multiple 
comparisons test (p < 0.01)**; (p< 0.0001) **** compared with HKE3 scrmb. 
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4.9 Enrichment pathway analysis of protein interaction networks 

 

To contextualize the results obtained in our investigation, we constructed 

a protein-protein interaction network based upon enrichment pathway analysis 

based upon our data. Protein-protein interaction networks were fashioned using 

String Functional Association Network, in which nodes signify each protein and 

edges connecting nodes represent proteins interactions. Interactions among 

Nox1, PDIA1, RhoGDIα, Rac1, B-Raf, KRas, GSK3β, STAT3 and E-cadherin 

were investigated and confronted to the database (Fig.15A). The network 

constructed with these 9 proteins of interest associated with 16 edges, more 

than the 4 predicted by the software. Suggesting that these proteins interact 

among themselves to a higher degree than expected from an analogous group 

of stochastic genome proteins. Such enrichment indicates that these proteins 

display some degree of biological connection as a group. Importantly, this 

analysis showed Rac1 as a likely hub of interaction with most proteins, with 

direct connections to Nox1, RhoGDIα, B-Raf, GSK3β, Stat3, and E-cadherin. 

Top ten ranked enriched proteins by KEGG pathway analysis (Fig.15B) showed 

five cancer pathways (bars in black) related to our proteins, including pathways 

for colorectal cancer. Gene Ontology (GO) analysis (Fig.15C) identified proteins 

localized in plasma membrane, focal adhesion, cell periphery and cell junction. 
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Figure 15: Analysis of protein-protein interaction network and functional 
pathways associated with PDIA1-Nox1 axis and KRas.  

(A) Interaction map fashioned with String 10.5 program (http://string-db.org), 
Network nodes represent proteins of Nox1, PDIA1 (P4HB), RhoGDIα 
(ARHGDIA), RAC1, BRAF, KRAS, GSK3β (GSK3B), STAT3, E-cadherin 
(CDH1). Different colored lines displays predicted functional links. Interactions 
experimentally determined appear in pink, interactions curated from data bases 
in blue, co-expression were represented in black and text data mining in green. 
nine nodes with an average node degree of 3.56; number of edges: 16; 
expected number of edges: 4; average local clustering coefficient: 0.333; PPI 
enrichment p-value: 2.02e-05. (B) Top ten ranked enriched proteins KEGG 
pathway analysis. bar graphs show the with –log of FDR (False discovery rate). 
Hight values correlated to higher probabilities. (C) cellular component Gene 
ontology (GO) analysis. 
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Our results highlight a significant increase in PDIA1 expression in CRC 

bearing KRasG13D mutation. While other mutated genes in these cells could 

further synergize with Ras, PDIA1 expression increases corelated with Ras 

activation. having in mind that roles of PDIA1 on sustaining agonist-stimulated 

Nox1 NADPH oxidase activation and expression in vascular cells (55, 57, 58), 

we questioned if PDIA1 could be a mechanism accounting for the sustained 

oxidant generation in CRC. Indeed, we showed that PDIA1 support superoxide 

production in CRC through Nox1 NADPH oxidase complex, however we 

observed for the first time that it was a dual effect, dependent on the cell type 

and possibly on the level of Ras activity. At basal KRas activation in Caco2 and 

HKE3 cells, PDIA1 sustains superoxide production (Fig.6A, B), with PDIA1 

silencing decreasing superoxide production. However, with KRas overactivation 

in HCT116 cells, PDIA1 acted to restrict superoxide production, with PDIA1 

silencing further increasing superoxide production in the absence of detectable 

ER stress (Fig.6C, D). Moreover, we shown that such sustained Nox1 activation 

in HCT116 associates with increased Rac1 and relatively lower RhoA activities. 

Screening of cell signaling routes affected by PDIA1 silencing highlighted 

GSK3β and Stat3 axis. PDIA1 silencing induced GSK3β inactivation and a 

parallel decrease of active Stat3 in HKE3 cells, whereas PDIA1 silencing had 

no effect on the already inactivated GSK3β and activated Stat3 in HCT116 

cells. Functional implications of PDIA1 silencing included a decrease of cell 

proliferation and migration in HKE3, not detectable in HCT116 cells. Also, 

PDIA1 could be involved in EMT, since PDIA1 silencing enhanced E-cadherin 

protein expression in HKE3, and diminished it in HCT116. We proposed a 

model of PDIA1 superoxide regulation in Figure 16. 
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Figure 16: Model of PDIA1-associated regulation of Nox1 in cells with 
normal or overactivated KRas  

 

Our results show that PDIA1, which has been correlated to sustained 

tumor growth and metastasis (48, 49), may play significant roles in regulating 

oxidant production particularly at the transition tumorigenicity stage from less to 

more aggressive. Such increased aggressiveness correlates with disruption of 

PDIA1-mediated oxidant generation, resulting in a PDIA1-supported mechanism 

that associates with restricted levels of oxidant generation. Whether this 

process is a possible component of a tumoral escape program who deserves 

further investigation. ROS production has been described to support either pro 

or anti-tumoral effects, depending on the type of ROS, ROS production level, 

sources, and associated activated pathways. ROS production is a well-known 

hallmark of cancer initiation by inducing DNA damage and genomic instability 

(8), and redox signaling can sustaining oncogenic key processes such as 

proliferation and migration. e.g Nox1 activation sustain directional cell migration 

in CRC (23).On the other hand, high level of ROS can have anti-tumoral effect 

by inducing senescence and apoptosis (5). Along the same line, ROS 

generation interplays in different ways with responsiveness to anti-cancer 

drugs. Supplementation of chemotherapeutic compounds with antioxidant 

molecules shows no benefit and can even have deleterious effect on cancer 

treatment in patients (93).Besides in animal models, NAC and Vitamin E 
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treatment induce an increase of migration and invasiveness without proliferative 

in mice with melanoma, and speed mice primary lung cancer (94, 95). In fact 

the efficacy of radiotherapy and some chemotherapeutic compounds depends 

on their ability to induce ROS production. In HT29-D4 and Caco2 cells, Nox1 

silencing significantly decreases oxaliplatin efficiency (96), while adjuvant ROS-

generating molecules are promising and potentialized chemotherapeutic (73). 

On the other hand, sustained ROS production may associate with 

chemoresistance. CRC cells resistant to oxaliplatin present an increase of Nox1 

basal activity and sustained ROS production supportive of cell survival(97).  

Ras proto-oncogene overactivation also presents a dual pattern of 

associated ROS-related effects. In Caco2 cells, Ras activation induces Nox1 

expression through MEK-ERK pathway and GATA6 transcription factor (27). 

Ras overactivation-increased ROS production (9) can lead to senescence and 

apoptosis (98, 99), but also to cancer initiation and sustained tumorigenicity 

(26). In NRK cells (rat kidney fibroblast), cancer initiation by KRasG12V requires 

Nox1, and si-RNA against Nox1 prevents cell transformation, but Nox1 

activation is not able to induce transformation alone  (26). In parallel, KRasG12V 

sustains Nox1 upregulation through the Ras-Raf-MEK-ERK pathway, since 

MEK inhibitor blocked Nox1 up regulation (100). Therefore, Nox1 activation is 

important to maintain Ras-induced malignant transformation. Mutant 

overactivated KRas is also able to induce NRF2 up-regulation, which buffers 

cellular oxidant levels but confers resistance to platine compounds(101, 102). 

The identification that the supportive vs. inhibitory patterns of PDIA1-dependent 

Nox-dependent ROS regulation largely follows the levels of Ras activation is, 

therefore, a compelling indication that PDIA1 acts as an upstream determinant 

of intracellular redox signaling programs associated with distinct stages of 

tumorigenicity. Whether the modulation of PDIA1 activity at these distinct stages 

can modify tumor evolution remains to be determined. Interestingly, an 

analogous upstream role of PDIA1 in Nox-dependent ROS generation has 

recently been described by our group in vascular cells overexpressing an 

inducible lentiviral-delivered PDIA1 construct (Fernandes et al, unpublished 

data). Early PDIA1 expression (24-48h) promotes Nox1 expression, oxidant 

generation and enhanced migratory phenotype, while continued PDIA1 
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expression (up to 72h) switches the cells towards a differentiated phenotype 

characterized by concomitant Nox4 expression. In parallel, extracellular PDIA1 

acts as a regulator of cytoskeletal mechanosensitive remodeling in VSMC 

(103). Together, these data suggest a possible model in which PDIA1 behaves 

as an upstream redox-sensitive homeostasis sensor, responsible for the 

servomechanism-like behavior described in our study. 

The mechanisms involved in PDIA1-dependent modulation of oxidant 

generation converge to the RhoGTPase Rac1, as in HCT116 cell KRas mutant 

sustain Nox1 activity and superoxide production through enhanced Rac1 

activation. Moreover, HKE3 overactivated Rac1 mutant expression induce the 

same behavior we found in HCT116 cells, that is, PDIA1-dependent inhibition of 

superoxide generation from Nox1. Importantly, since Rac1G12V mutation 

probably bypasses its direct regulation by PDIA1, it is possible that the loss of 

Rac1 regulation by PDIA1 is a key mechanism underlying the transition from 

PDIA1-supported to PDIA1-inhibited ROS generation. In parallel, since Ras 

activity correlates with such PDIA1 effects, it can be speculated that Ras-

mediate Rac1 activation underlies PDIA1 bypass and this transition in oxidant 

regulation. PDIA1 and Rac1 interaction was previously proposed by us to 

explain PDIA1 effects on Nox1-mediated processes, since PDIA1 silencing 

significantly disables the associated Rac1 activation and PDIA1 displays 

interaction with Rac1 (57). Here we confirmed a similar PDIA1 and Rac1 

interaction, both in CRC, and endothelial cells. Moreover, PDIA1 has been 

associated with significant effects on cytoskeletal regulation, which is the 

hallmark of RhoGTPase effects (30). The importance of PDI-RhoGTPase 

convergence is further evident from a recent study from our group showing an 

extremely conserved evolutionary pattern of gene clustering involving PDI and 

RhoGDI families. Since RhoGDIs are essential regulators of RhoGTPase 

activity and PDIA1 closely interacts with RhoGDIalpha (69), RhoGDIs may be a 

mechanism whereby PDIA1 regulate Rac1, as indeed suggested by our 

expression data (Fig.9B). Overall, Rac1 may thus be at the center of a signaling 

hub involving PDIA1, RhoGDIs, Ras and other proteins, as shown in the model 

proposed in (Fig.15A), based on protein-protein interaction links from STRING 

database. 
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In HCT116 and HT29-D4 cells, in which ROS production increased after 

PDIA1 loss of function, we observed an associated cell migration insensitivity to 

PDIA1 silencing (Fig14C, D and Table S1). EMT is an important mechanism 

how sustain cell migration, and known to associate with ROS production in 

breast cancer cells (104). In melanoma, Nox1-derived ROS sustains, and Nox1 

inhibition reverts EMT (105). PDIA1 silencing promoted switch to epithelial 

phenotype in HKE3 cells, but a switch to mesenchymal phenotype in HCT116 

cells. It is possible that PDIA1 supports EMT through its effects on Nox1 and 

ROS. Our results are in line with previous reports in hepatocellular carcinoma 

showing that PDIA1 supports tumorigenesis by enhancing EMT through GRP78 

down- regulation (106). Furthermore, E-cadherin protein expression correlates 

with Stat3 activation in CRC (92). Indeed, in our HKE3 cells, PDIA1 silencing 

induces Stat3 inhibition and increased E-cadherin expression. Rac1 is known to 

sustain Stat3 activation, we believe that Ras-induced sustained Rac1 underlies 

the lack of effect of PDIA1 silencing on Stat3 (Fig.12). Of note, Stat3 activation 

correlates with Nox1 expression in Acute Respiratory Distress Syndrome(107) 

and in early atherosclerosis(108, 109). Overall, the GSK3β/Stat3 axis appear as 

an important mechanism to further investigate the pathways whereby PDIA1 

interplays with Nox1 activation during Ras overactivation and EMT.  

Although our work has not been focused on PDI as a possible 

therapeutic target in cancer, since this issue has been focused so much 

recently, we will briefly comment on it. Our results suggest that direct effects of 

PDI inhibition might be more likely to affect the growth and mesenchymal 

transformation of cells at earlier stages to tumor development. On the other 

hand, at more advanced stages of tumor growth and/or with larger degree of 

Ras overaction, PDI inhibition could offer an indirect way to sensitize cells to 

apoptosis or senescence promoted by other therapeutic agents such as 

oxaliplatin. PDIA1 and its switched function between sustaining to limiting 

superoxide production in CRC cells seems a key mechanism for ROS 

regulation in tumor cells. 

 

To conclude, our results in CRC highlight PDIA1 ability to switched 

between two different pattern of Nox1-dependent superoxide regulation, which 
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correlates with the level of Ras activation.  Ras overactivation seems to bypass 

PDIA1 in Nox1 regulation by an independent and possibly direct Rac1 

activation. Several studies indicate that primarily adaptive responses, e.g. 

senescence, can be hijacked to promote tumor escape responses such as 

stemness (110). PDIA1 could be an adaptive mechanism responsible for a 

redox switch from a tumor-suppressive to a vicious adaptive program promoting 

tumor escape. These results reinforce the emerging potential therapeutic 

implications of PDIA1 inhibition against cancer progression. 
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Figure s1: Basal superoxide production in HKE3 and HCT116 

measured by DHE oxidation detected by HPLC. DHE oxidation produces, 
among many others, 2-hidroxyethidiium (EOH), which is representative of 
superoxide species, n=3.  
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Figure S2: P4HB (PDIA1) gene expression 

 Wt: wild type VSMC; pBABE: empty vector; H-rasV12 mutant retroviral 
transfection in VSMC (n=3).  Primers sequences are as follow for GAPDH:  Fw 
ATGACTCTACCCACGGCAAG; Rv CTGGAAGATGGTGATGGGTT and for 
PDIA1:Fw CGTGGCTACCCCACAATCA; Rv GCTTCCCTGCCAGCTGTATATT 
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Figure S3: PDIA1 coimmunoprecipitation in HUVEC cells.  

IP: PDIA1 immunoprecipitation, IGG: Immunoglobulin control, Input: 1% of total 
protein lysate, IB: immunoblot against PDIA1, KRas, and Rac1 proteins GAPDH 
protein expression was used as loading control, (n=1). 
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Figure S4 : PathScan Assay screening of cell signaling targets of PDIA1 in 
HKE3 and HCT116 cells.   

Array’s spot were quantified and analyzed using ImageJ software. PDIA1 
silencing was checked by immunoblot analysis. Scrmb : si-RNA negative 
control; si-PDI: si-RNA against PDIA1. Stat3 Tyr705 Phosphorylation; S6 
Ribosomal Protein Ser235/236 Phosphorylation; HSP27 Ser78 
Phosphorylation; Bad Ser112 Phosphorylation; PRAS40 Thr246 
Phosphorylation; p38 Thr180/Tyr182 Phosphorylation; PARP Asp214 
Cleavage; Caspase-3 Asp175 Cleavage; GSK-3b Ser9 phosphorylation. 
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Figure S5: Effects of PDIA1 silencing on GSK3 inactivation in HKE3 and 
HCT116.  

GSK3β Ser 9 phosphorylation immunoblot after 72h PDIA1 silencing in HKE3 
and HCT116. Relative GSK3β Ser9 phosphorylation levels were normalized to 
total GSK3β expression levels. Immunoblots were quantified using odyssey 
software. 

 

 

Supplementary Table1: Effect of PDIA1 silencing in HT29-D4 single cell 
migration. 

Single cell experiment, in HT29-D4 after PDIA1 silencing, HT29-D4 were plated 
into 24 well-plaques coated with 10mg/ml of fibronectin, in a density of 
3x104cells/well. Cells were maintained at 37°C in a humidified atmosphere of 
5% CO2 into incubator coupled to a microscope and 2D random migration will 
be record for 16h.  Total distance and Distance to origin are measure using 
image j manual traking. velocity as velocity= total distance/ time, and 
persistence as persistence= distance to origin/ total distance. 

 

si-
PDIA1 

velocity Total distance Distance to origin persistence n=52 

mean 0.33 199.36 64.65 0.29  

SD 0.16 93.62 62.50 0.18  

SEM 0.02 12.98 8.67 0.02  

si-ctrl velocity Total distance Distance to origin persistence n=57 

mean 0.33 182.58 54.72 0.29  

SD 0.17 100.65 39.54 0.13  

SEM 0.02 13.33 5.24 0.02  
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