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Abstract

The protein disulphide isomerase (PDI) gene family is a large, diverse group of en-
zymes recognised for their roles in disulphide bond formation within the endoplasmic
reticulum (ER). PDI therefore plays an important role in ER proteostasis, however, it
also shows involvement in ER stress, a characteristic recognised in multiple disease
states, including cancer. While the exact mechanisms by which PDI contributes to
tumorigenesis are still not fully understood, PDI exhibits clear involvement in the un-
folded protein response (UPR) pathway. The UPR acts to alleviate ER stress through
the activation of ER chaperones, such as PDI, which act to refold misfolded proteins,
promoting cell survival. PDI also acts as an upstream regulator of the UPR path-
way, through redox regulation of UPR stress receptors. This demonstrates the pro-
protective roles of PDI and highlights PDI as a potential therapeutic target for cancer
treatment. Recent research has explored the use of PDI inhibitors with PACMA 31 in
particular, demonstrating promising anti-cancer effects in ovarian cancer. This review

discusses the properties and functions of PDI family members and focuses on their

KEYWORDS

1 | PDI GENE FAMILY
STRUCTURE

The protein disulphide isomerase (PDI) family is a group of
multifunctional endoplasmic reticulum (ER) enzymes, rec-
ognised to comprise of a total of 21 members.®! The number
of known human PDI members has increased rapidly over
recent years as cDNA sequence data available in the public
domain has continued to expand.® Primarily PDIs are rec-
ognised to function as a catalyst in the formation, breakage
and rearrangement of protein disulphide bonds (S-S bonds),
however, despite the implied isomerase function, not all
members have been experimentally proven to demonstrate
this activity.” PDI family members are related in that they all

potential as a therapeutic target for cancer treatment.

cancer, protein disulphide isomerase, protein disulphide isomerase inhibitors

possess at least one thioredoxin-like (TRX-like) domain.’ The
TRX-like domain are categorised into two types; the a-type
(a or a’) domain is recognised as catalytically active, while
the b-type (b or b’) domain is recognised as catalytically inac-
tive.** Members possessing a-type domains typically possess
a CXXC (Cys-X-X-Cys) motif in an active site, the cysteines
are thiol-reactive and therefore allow for catalytic activity.36
CXXC is recognised as the consensus sequence and the most
highly conserved catalytic motif is CGHC (Cys-Gly-His-
Cys), typically termed the ‘classical’ motif." While many
members contain a combination of both a-type and b-type
domains in various arrangements, there are some atypical
members that only possess one domain type. Members that
possess only b-type domains do not contain cysteines, and
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hence do not have a catalytic site sequence, they are therefore
incapable of meditating S-S bond formation. These members
have been shown to demonstrate a separate function believed
to be involved in protein recruitment, with roles as a molec-
ular chaperone.”® This demonstrates how PDI members are
therefore solely unified on sequence similarity, particularly
via the presence of a TRX-like domain, as opposed to their
enzymatic activities. Table 1 demonstrates the diverse nature
of the human PDI family, displaying that beyond the pres-
ence of a TRX-like domain, members differ considerably in
length, substrate specificity and domain arrangement.*

As discussed, the presence of a TRX-like domain is one of
the few unifying structural features of PDI family members,
suggesting the occurrence of evolutionary divergence among
human PDI proteins. Phylogenetic analysis of PDI, shown in
Figure 1, demonstrates the existence of PDI subfamilies.*
Sequence analysis distinguished both the AGR subfamily and
the CASQ subfamily as subsets of genes that appear most
evolutionarily related. With the genetic distances represented
as estimates of the number of mutations that have accu-
mulated along each branch as they split from the common
ancestor, the neighbourhood joining method of phylogenic
analysis can only be taken as an approximation. However,
the data are supported by the fact that these subfamilies have
also been recognised in literature for their structural differ-
ences.”’ The AGR subfamily (AGR2, ARG3 and TXNDC12)
is well-recognised as its members only carry a-type domains,
without the presence of a b-type domain.*® The AGR sub-
family members are therefore distinctly recognised for their
catalytic role in disulphide bond formation. AGR2 and AGR3
are unique in that while they act to facilitate disulphide bond
formation, they lack a C-terminal cysteine in their catalytic
motif and so are recognised to possess non-canonical CXXS
(Cys-X-X-Ser) motifs.* Recent research has demonstrated
each cysteine in the consensus CXXC motif to play a unique
role; the N-terminal cysteine acts to form disulphide bonds
with the protein substrate; whereas the C-terminal cysteine
plays a role in the release of the substrate.”’ This suggests that
the AGR subfamily may differ from other PDI members in
substrate specificity. In contrast, studies have suggested that
other PDI members such as PDIA1 and PDIA3 overlap in
substrate specificity, with minimal differences.>

In contrast, CASQ1 and CASQ2 only possess b-type do-
mains, and are recognised as their own unique subfamily. The
CASQ subfamily act as the main calcium-binding proteins
of the sarcoplasmic reticulum, with their primary role being
the regulation of calcium release in muscle, their role in non-
muscle tissues is still unrecognised.47 They are also the only
PDI members that do not possess an ER retention sequence.60
The CASQ subfamily are therefore seen as functionally dis-
tinct from other PDI members and could even be recognised
to be irrelevant compared to the known functions of other
PDI family members. Similarly, ERP27 and ERP29 also only

possess b-type domains, however, they are presumed to play
important roles as a molecular chaperone to assist the con-
formational folding of proteins to assist proteostasis.2 ERP29
in particular is recognised as an ER stress-inducible protein
that co-localises with other ER stress associated chaperones
such as BiP.* The existence of these PDI subfamilies there-
fore reiterates the diverse nature of the PDI gene family and
highlights the fact that sequence similarity is the primary de-
terminate factor in the grouping of PDI members, as opposed
to their enzymatic properties.

The evolutionary divergence of the PDI gene family is
further demonstrated in DNAJC10 which appears dissociated
from other PDI members in Figure 1. While it possesses nu-
merous TRX-like domains, DNAJC10 exhibits no oxidase or
isomerase activity and also only possesses approximately one
third of the activity that PDIAI possesses.66 Evolutionary
divergence is also shown in PDILT, it is recognised as a
completely unique member of the PDI family due to the fact
that it is specifically expressed in the testis and contains un-
usual catalytic motifs (SKQS, SKKC) that are not present
in any other PDI members.®” PDILT has been demonstrated
to attribute to S-S bond formation of the membrane-bound
metalloprotease ADAM3 which acts to aid sperm migra-
tion.®* Phylogenetic analysis of the human PDI gene family
shows that while members are phylogenetically related, a vast
amount of evolutionary divergence is apparent. Considering
the broad nature of both the domain composition and enzy-
matic functions, PDI members exhibit quite minimal overall
sequence homology.23

2 | PDI FUNCTION
The PDI gene family are highly abundant ER proteins, rec-
ognised as folding catalysts.16 With the primary function of
disulphide bond formation, PDI plays a key role in the cor-
rect folding of polypeptide chains in the ER.? The forma-
tion of disulphide bonds occurs during oxidative folding in
the ER, in which they are formed by the oxidation of thiol
groups of cysteines and then isomerised to achieve the cor-
rect conformation.'? The post-translational modification that
occurs through disulphide bond formation is essential for the
stabilisation and maturation of most secretory and membrane
proteins in the ER.> PDI therefore plays a critical role in
ER proteostasis which aids the maintenance of several cel-
lular functions such as, gluconeogenesis, calcium storage,
organelle biogenesis and lipogenesis.27 Disruption to ER
proteostasis often therefore leads to the progression of mul-
tiple disease states through its various influences on cellular
stress.”
In addition to the role of PDI as a catalyst in disul-
phide bond formation and rearrangement, PDI proteins also
function as molecular chaperones. In this role PDI acts to
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(Continued)

TABLE 1

ER Retention
Sequence

Domain Organisation

Known Function

Other Aliases

Gene Name

QSEL

cQys

Catalyses protein folding and thiol-disulphide interchange reactions.

Regulates ciliary beat frequency in multiciliated cells.

PDIA18, HAG-3, BCMP11

AGR3

KDEL

CHPC CGPC

CPPC

CSHC

Co-chaperone in ERAD. Reduces incorrect disulphide bonds in misfolded

PDIA19, ERDIJS

DNAIJCI10

proteins, recognised by EDEMI1.
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PDIB1

CASQI

calcium store in muscle.

POWELL anp FOSTER

Calcium-binding protein in sarcoplasmic reticulum that acts as an internal

PDIB2

CASQ2

calcium store in muscle.

assist protein folding or refolding via the inhibition of non-
productive folding or by the aggregation of damaged poly-
peptides or partially folded intermediates.”' PDI is believed
to inhibit the aggregation of these substrates through interac-
tion with the portions of each substrate that have a tendency
to self-associate; this is achieved by their ability to identify
proteins in a non-naive conformation.”® This role has been
suggested to act as an entirely independent function from its
role as a catalyst.” PDI still acts to refold misfolded proteins
that do not possess disulphide bonds, therefore suggesting the
function of PDI as a molecular chaperone and its catalytic
activity can be dissociated.”

However, PDI can also demonstrate opposing behaviour
with aggregation-prone substrates present at high concentra-
tions, by inducing aggregation of misfolded substrates to in
turn precipitate misfolded proteins.61 The ability of PDI to fa-
cilitate this aggregation as opposed to inhibit it is recognised
as anti-chaperone activity.52 ER retention of misfolded pro-
teins has been observed in ER chaperones that possess the
KDEL retention sequence which remain in the ER with their
unfolded protein cargo.”” Misfolded proteins can also become
trapped in the ER as large, chaperone-associated aggregates.73
While appropriate folding of these proteins will enable their
secretion from the ER, this suggests that the anti-chaperone
activity of PDI contributes to misfolded aggregate formation
and accumulation in ER, resulting in significant ER stress.*

These observed characteristics of the PDI gene family pri-
marily describe the archetypal PDI (PDIA1), unfortunately
less is known about other PDI members. As discussed, al-
though structurally similar, each PDI member does possess
a distinct substrate specificity. This has been shown through
analysis of disulphide bond formation among major PDI mem-
bers including PDIA1, PDIA3 and PDIA4, which revealed that
each member was specialised for its own unique set of sub-
strates.>? For example, PDIA2, which was first identified as a
pancreas specific PDI protein, although structurally very simi-
lar to PDIA1, is less effective in oxidation, differs in substrate
specificity and acts to chaperone denatured substrates.'® This
demonstrates how PDI members most likely differ in their
functions and have divergent function within different tissues.

PDI activity is regulated by redox reactions, with the ac-
tions of PDI relying on cycles of reduction and oxidation.”’
While in a reduced state PDI acts to break non-native disul-
phide bonds by process of isomerisation, during an oxidised
state PDI acts to correctly introduce and pair cysteines to
form native disulphide bonds, and hence both reduced and
oxidised pathways lead to the formation of a native protein.”
Redox reactions allow PDI to act in such ways through in-
ducing changes in its conformation.”' Oxidation acts to alter
PDI from a closed conformation to an open conformation,
the substrate binding surface therefore becoming more
greatly exposed, allowing for a higher activity level and bind-
ing affinity.”’ Reduced PDI remains in a closed, compact
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sp|Q81XB1|DJC10_HUMAN
sp|P30040|ERP29_HUMAN
sp|095881|TXD12_HUMAN
sp|095994|AGR2_HUMAN AGR_
_* Subfamily
e TDOB|AGR3_HUMAN
l B sp|Q15084|PDIAG_HUMAN
sp|QOY320|TMX2_HUMAN
[ sp|P31415|CASQ1_HUMAN cAsQ
L sp|014958|CASQ2_HUMAN Subfamily

sp|QOH3N1|TMX1_HUMAN

sp|QOH1ES| TMX4_HUMAN

sp|Q9BDNO|ERP27 _HUMAN
sp|Q9BS26|ERP44_HUMAN

sp|QOBII7|TMX3_HUMAN

sp|PO7237|PDIAT_HUMAN

sp|Q13087|PDIA2_HUMAN

sp|P30101|PDIA3_HUMAN

sp|Q8NSO7|PDILT_HUMAN

sp|P13667|PDIA4_HUMAN

sp|Q8NBSO|TXNDS_HUMAN

sp|Q14554|PDIAS_HUMAN

FIGURE 1 Phylogenetic tree of human PDI gene family. Alignment of protein sequences of human PDI genes was performed using ClustalW

software and the phylogenetic tree was constructed by the neighbourhood joining method using Jalview software

conformation which is optimal for binding the substrates that
require isomerisation.”! Disulphide formation is often error
prone during early protein folding resulting in the incorrect
pairing of cysteines impeding further folding.zo Thus, isom-
erisation is often required to amend these incorrect cysteines
to reform the cysteines to their native arrangement. This de-
scribed mechanism is portrayed in Figure 2.

3 | PDIIN ER STRESS

As previously discussed, PDI proteins play a key role in the
regulation of proteostasis in the ER, a disruption in PDI ac-
tivity would therefore result in a disturbance of proteosta-
sis which would in turn trigger an ER stress response. With
the accumulation of unfolded and misfolded proteins, ER
stress then activates the unfolded protein response (UPR).*
Initially, UPR acts to alleviate ER stress via the upregulation
of chaperones for protein folding to combat the accumulation
of unfolded proteins. The UPR further acts to induce endo-
plasmic reticulum associated degradation (ERAD) combined
with autophagy to remove misfolded proteins.5 ! The UPR
therefore does play an important role in combatting ER stress
and maintaining cell survival and proteostasis. However,

this response is short term, and a prolonged period of ER
stress triggers a pro-apoptotic UPR.>! PDI is often found to
be upregulated alongside other UPR proteins such as BiP and
Grp94, and hence highlights the importance of both UPR and
PDI, as a component of UPR, in the regulation of cell sur-
vival.” This suggests that prolonged inhibition of PDI would
potentially induce apoptosis and thus further highlights PDI
as a potential therapeutic target in cancer.

Upon accumulation of unfolded/misfolded proteins,
the UPR triggers the activation of three primary ER stress
receptors; inositol-requiring enzyme 1 (IREla), activat-
ing transcription factor 6 (ATF6) and pancreatic ER kinase
(PKR)-like ER kinase (PERK), shown inFigure 3.2 These re-
ceptors remain in an inactive state through binding to BiP, an
ER chaperone, however, once UPR is triggered by ER stress
BiP dissociates from the receptors, resulting in their activa-
tion.>® The activation of these receptors triggers several pro-
protective pathways to aid cell survival. Activation of PERK
induces the transcription of ATF4. ATF4 promotes the expres-
sion of ER chaperones such as PDI that refold misfolded pro-
teins.”* ATF4 also has further pro-protective effects through
the activation of genes involved in autophagy and an antiox-
idant response.® Similarly, activation of the IREla pathway
triggers the splicing of XBP-1 to induce the accumulation of
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Disulfide Bond Formation
Reduced Substrate Mixed Disulfide Oxidised (Native) Protein
SH  SH S_ SH §=—5
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Oxidised PDI Reduced PDI ST' S||'|
Clilz CH.
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Misfolded (Non-Native)

Protein Mixed Disulfide

SH SH
v
v 2
SH SH — S=SH
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Correct (Native) Protein

Isomerisation

S =—$S
SH SH

Reduced PDI

FIGURE 2 Redox reactions involved with PDI induced disulphide bond formation and isomerisation. (Original Diagram, adapted from Ref. [48]

ER chaperones and ERAD-associated proteins. IREla also
regulates phospholipid synthesis which triggers ER mem-
brane expansion to help combat stress.” Upon ATF6 activa-
tion, the cleaved ATF6 fragment also induces the expression
of XBP-1, ERAD-associated proteins and ER chaperones.58
As discussed, in conditions of prolonged and chronic ER
stress, the role of UPR can alter to pro-apoptotic rather than
pro-survival. Also shown in Figure 3 are the pathways in-
duced following chronic UPR. Prolonged activation of PERK
elicits other responses as a consequence of ATF4 activation
leading to CHOP upregulation. CHOP plays a key role in ER
stress induced apoptosis through its ability to bind to several
key UPR proteins, including ATF6 and ATF4.® CHOP also
induces EROla activation which acts to transfer electrons
from PDI to O, to produce hydrogen peroxide, which causes
increased oxidative stress.® CHOP can also induce other
pro-apoptotic proteins including p53 upregulated modulator
of apoptosis (PUMA) and Bcl2-interacting mediator of cell
death (BIM). Furthermore, CHOP inhibits survival proteins
such as BCL-2.%? Interactions with these proteins result in
the activation of BAX and BAK associated apoptosis; CHOP
is therefore a key player in mediating several apoptotic path-
ways.28 The IREla pathway also plays pro-apoptotic roles
under chronic ER stress through the activation of the JNK
pathway, which in turn interacts with BAX and BAK;; it also
induces pro-inflammatory associated apoptotic pathways.29

While PDI plays the role of a pro-protective downstream
ER chaperone, Figure 3 also shows how PDI members also
govern UPR activation. The UPR stress receptors; IREla,
ATF6 and PERK are activated upon directly sensing unfolded
protein accumulation. While it is clear that PDI dysfunction
leads to protein misfolding, recent studies have also described
how PDI acts to mediate redox regulation of the luminal do-
mains of ER stress receptors.14 This redox regulation can trig-
ger the activation of the receptors, which in turn triggers the
activation of downstream UPR pathways. Research suggests
that PDIAS acts to cleave disulphide bonds in ATF6 leading
to its reduction.”” The reduction of ATF6, when coupled with
BiP dissociation, leads to the ER to Golgi transport of ATF6,
inducing the induction of downstream ATF6 target genesfgo’46
Similarly, PDIAG6 acts to exhibit thiol-disulphide exchange re-
actions with IREla, leading to its reduction.'*" This results
in the direct binding of both PDIA6 and BiP to IREla which
inactivates the IREla pathway, therefore acting to prevent
exaggerated and chronic UPR signalling.'*'> PDIA6 has also
been described to interact with PERK, but its interaction is
still yet to be fully understood.'*!*> However, evidence sug-
gests that PDIA3 interacts with PERK through redox regula-
tion, via interaction with PDIA1 37 PDIA3 has been described
to form a complex with PDIAT in which it helps to maintain
PDIAL in its reduced state and prevent PERK activation.® The
absence of PDIA3 leads to an accumulation of oxidised PDIA1



POWELL anp FOSTER

ER Lumen

.. 7
Cancer Medicine _ “WI LEYJ_

ER Stress

Reduced
PDIA1

@™

PERK Oxidised
l I PDIA1
c% 1 1 ’5 Z
S & o
Cytosol 2 S & &\o
D / O o
< [ fou
= £
Chronic UPR * l
l l B Protein
/VV\_X% ~ Translation
l xapl mRNA l
Chronic UPR
Apoptosis AN _’
Spliced XBP1 mRNA l
Apoptosis
Nucleus v v v
YORVOVNON NZANYZ N7, YSORVOVNON
ER Chaperones ER Chaperones ER Chaperones
ERAD ERAD Autophagy
Phospholipid Synthesis XBP1 Antioxidant Response

FIGURE 3 The Unfolded Protein Response Pathway. (Original diagram adapted from Ref. [14,51,81]

which triggers PERK activation, suggesting that PDIA3 plays
an important role in preventing chronic UPR activation.”’
Further to this, PDIA1 has been shown to also interact with
the IREla pathway through alteration in its activity via phos-
phorylation.81 The phosphorylation of Ser357, structurally
alters PDIA1 to exhibit an open conformation which helps to
prevent protein misfolding and also allows PDIA1 to bind to
IRE1a, where it acts to attenuate excessive and chronic UPR
signalling.81 These recent studies demonstrate various ways in
which PDI members are also acting as upstream regulators of
the UPR pathway, further demonstrating their pro-protective
properties and potential as therapeutic targets.

4 | PDIIN CANCER

Although PDI proteins are recognised as one of the most
abundant cellular proteins, they are frequently upregulated
in a variety of cancer types. Microarray data analysis has

demonstrated the upregulation of several typical PDI mem-
bers including PDIA1, PDIA3, PDIA4 and PDIAG6 in multiple
cancers such as breast, colorectal, liver, brain and prostate.lo
This is demonstrated in gene expression data attained from
the Gene Expression Atlas datasets.”® These data (Figure 4)
show a higher level of expression for PDIA1, PDIA3, PDIA4
and PDIAG in various cancer types compared to normal tis-
sue. The overexpression of PDI is consistent throughout the
majority of cancer types and PDI members. This implies
that PDI could play an important role in promoting cancer
cell survival. However, as these data are based on RNA-Seq
methodology, and that protein phosphorylation plays a major
activating role in various PDI pathways which would not be
represented here, these data are for guidance only.

The pro-survival role of PDI has been demonstrated in
recent research in lung cancer cells, in which both PDIA4
and PDIA6 were overexpressed and shown to mediate resis-
tance to cisplatin-induced apoptosis.65 Further research has
shown that the knockdown of PDIA1 in breast cancer and
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abbreviations '’

neuroblastoma cell lines induced cytotoxicity via caspase ac-
tivation.” This supports the hypothesis that the oncogenic ef-
fects of PDI are mediated by their role in the UPR signalling
pathway and regulation of apoptosis. An association between
PDI and the redox regulation of the UPR sensors has been
recognised in recent research and therefore demonstrates the
ability of PDI to influence the UPR.* For example, PDIAS
can act to cleave the disulphide bridges of the UPR sensor
ATF6 to aid its transport to the nucleus.”® ATF6 has been as-
sociated with tumour cell resistance to chemotherapy, in par-
ticular PDIAS/AFT6 signalling correlates with resistance to
imatinib treatment in leukaemia cells, therefore again demon-
strating a pro-survival role of PDI1.* Additionally, PDIA6
was demonstrated to directly bind to the luminal domain of
the UPR sensor IRE1a through disulphide bond formation, in
which it acted to control its activation and aid its return to its
inactive state.'* PDIA6 therefore acts to attenuate IRE1o and
thus alleviates excessive UPR activity.

Whilst PDI is recognised for its roles in UPR signalling
and hence cancer cell survival, it also aids the activation of
metalloproteases at the cell surface which act to catalyse the
shedding of membrane-associated proteins.74 Surface PDI
proteins act to catalyse the formation of disulphide bonds
through their interaction with client proteins, including in-
tegrins, selectins and metalloproteins.” Interestingly, PDI
expression is associated with the promotion of metastasis
and invasiveness. For example, PDIA1 expression is signifi-
cantly higher in the metastatic auxiliary lymph node breast
tumour than in primary breast tumours.*® The catalysation

of disulphide bonds in these client proteins by PDI mem-
bers could be a factor contributing towards the positive cor-
relation between PDI expression and cancer cell metastasis.
Furthermore, PDI members may activate membrane proteins
such as integrins or proteolytic enzymes such as matrix metal-
lopeptidases (MMPs), both of which mediate cell migration
and adhesion and ultimately contribute to metastatic spread.”’

PDI also contributes towards cancer progression through
their involvement in other cancer-associated signalling path-
ways, aside from the UPR pathway.”® With PDI protein
interaction being so vast, each PDI member can be seen
as mechanistically distinct. For example, TXNDCS is rec-
ognised to play a role in angiogenesis and is involved in the
activation of the Ras-Raf-Mek-Erk (MAPK) pathway. The
MAPK pathway is well recognised for its association with
various pro-oncogenic effects; with its activation playing key
roles in cell proliferation, apoptosis, differentiation and cell
migration, it has become a recent focus of cancer research
as a therapeutic target.57 This highlights the fact that further
research needs to be carried out into the pro-oncogenic roles
of each PDI member, focusing on key associated downstream
oncogenic pathways such as UPR, to determine their poten-
tial as a therapeutic target for cancer treatment.

5 | PDI INHIBITORS

There is a clear potential therapeutic role for the use of PDI
inhibitors in cancer treatment. Various groups worldwide
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have identified PDI inhibitors of numerous chemical varie-
ties including both antibiotics and oestrogen polyphenols.4
The use of the antibiotic bacitracin as a PDI inhibitor induces
apoptosis through the accumulation of ER stress in melanoma
cells.** Apoptosis has also been observed in human breast
cancer MCF-7 cells and human neuroblastoma SH-SY5Y
cells as a result of PDI knockdown.” Contradictory to this,
PDI knockdown in human cervical cancer HeLa cells did not
demonstrate any effects on cell Viability.25 This suggests that
the effects of PDI inhibition on apoptosis may be cell-type or
cancer-type specific, therefore the development of PDI inhib-
itors may also be specified to certain cancer types. However,
it is unclear from the research which PDI family member is
the target of these knockdowns, this reiterates the need for
further research into the roles of each specific PDI member
to determine their potential as individual therapeutic targets.
Bacitracin was additionally shown to inhibit cell migration
and invasion in glioblastoma cells, therefore showing the po-
tential of PDI inhibition in combatting metastasis, as well as
cancer cell growth and survival.?? Despite these promising
effects of bacitracin, it is not PDI specific as it inhibits other
proteins in the absence of PDI activity.”” With bacitracin ex-
hibiting many off-target effects and although it has been a
focus of research, it has not entered clinical trials for PDI-
associated diseases due to its toxicity and poor cell perme-
ability.21 Consequently, there is an unmet medical need for
the development of function-specific, small molecule PDI
inhibitors for a greater efficacy and more potent treatment.
Propionic acid carbamoyl methyl amides (PACMAs)
have been recently recognised as small molecule irrevers-
ible PDI inhibitors that have demonstrated cytotoxic ef-
fects in a broad range of human cancer cell lines.” Most
significantly, a series of PACMA derivatives were demon-
strated to result in substantial cytotoxicity in human ovar-
ian cancer cells.”® The ICs s for these PACMA derivatives
ranged from 0.2 uM to >10 uM, demonstrating a lack of
potency across many compounds, with this highlighting
the need for the development of compounds with greater
efficacy. PACMASs act to irreversibly inhibit PDI by dis-
rupting the PDI CXXC motif through the formation of a
covalent bond (C-S) with the cysteines in the active site.*
The disruption of the CXXC motif in PDI appears to be a
very proficient method of PDI inhibition. This was demon-
strated in PDIA1, which contains two independent active
sites, in which the disruption of cysteines in either active
site leads to a 50% loss of PDIAI activity, while disrup-
tion at both active sites completely abolishes all PDIA1
activity.69 Among these PACMA molecules, PACMA 31
was identified to be an orally active irreversible PDI in-
hibitor that has demonstrated both oral bioavailability and
in vivo activity within a mouse xenograft model of human
ovarian cancer.”® PACMA 31 has shown anticancer ac-
tivity both in vitro and in vivo in human ovarian cancer,
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with no substantial toxicity to normal issue; furthermore,
it has also shown effectiveness against chemoresistant cell
lines.’® This highlights PDI as a druggable target and fur-
ther promotes research into the use of small molecule PDI
inhibitors in cancer treatment.

Table 2 shows several PDI inhibitors and their charac-
teristics of which may have or have previously shown ther-
apeutic potential in cancer treatment. Like PACMA-31, P1
is a similarly acting, irreversible PDI inhibitor. However, it
exhibits a greater potency than PACMA-31 with an IC50 of
1.7 uM, measured via an in vitro insulin aggregation assaty.19
P1 also demonstrates inhibition of cell growth across nu-
merous cancer cell lines.' It is again notable, however, that
current research has only shown P1 to have the ability to in-
hibit PDIAI, but this is not selective.'” PACMA-31 on the
other hand has shown the ability to bind to and inhibit further
PDI members. With a similar mechanism of action, it can
be suggested that P1 would also target these members. This
reiterates the need to conduct further research to target spe-
cific PDI members in order to establish which members are
crucial for their role in tumorigenesis. Further observations
of the role of PDIAI in cancer can be made with the use of
selective PDIAT1 inhibitors; KSC-34 and RB-11-ca. Both of
these compounds act to inhibit PDIA1 by inhibiting a and a’
domain sites."! Comparison of these selective PDIA1 inhib-
itors with E64FC26; a potent pan-style inhibitor which in-
hibits; PDIA1, PDIA3, PDIA4, PDIA6 and TXNDCS5, would
give an indication as to whether inhibition of PDIA1 alone
is sufficient for suppressing cancer cell growth.54 This then
promotes further studies into the selective inhibition of other
PDI members.

Table 2 demonstrates how different PDI inhibitors vary
in their mode of action. While KSC-34 and RB-11-ca
specifically inhibit a-type domains of PDIA1, BAP2 spe-
cifically inhibits b-type domains of PDIA1.”® BAP2 has
demonstrated apoptotic effects in glioblastoma cells,
therefore comparison with KSC-34 and RB-11-ca could
give insight into the roles of catalytic a-type sites and
non-catalytic b-type sites in driving cancer cell growth.
Research has also shown 35G8 to have anti-cancer effects
in glioblastoma through the induction of cell death via au-
tophagy and ferroptosis rather than apoptosis.38 Although
the mechanism of action of 35G8 is unknown, it appears to
lack drug-like properties as rather than specifically target-
ing PDI, it acts to repress PDI target genes such as TXNIP
and EGR1.%® 35G8 is also recognised as a redox cycling
molecule.”® This suggests a potential use of 35G8 as an
adjuvant in combination with other PDI inhibitors such as
BAP?2 as a potential therapeutic strategy. The vast range of
PDI inhibitors promotes further research into the discov-
ery of the most effective mode of action of PDI inhibition
and the most important PDI members to target in order to
develop novel drugs and improved therapeutic strategies.
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6 | CONCLUSIONS

The PDI family consists of large, complex group of proteins,
with varying roles and functions. While PDI is recognised for
its role in ER proteostasis through the catalysation of disul-
phide bonds, it has also been recognised to exhibit effects in
several disease states, in particular cancer. It is clear that PDI
involvement in ER stress impacts both cancer cell survival and
apoptosis due to the complex nature of the UPR pathway; it
can have protective and detrimental downstream effects. The
involvement of PDI in each of these downstream pathways
requires further research to isolate further potential gene tar-
gets involved in cancer cell survival. PDI proteins are a clear
therapeutic target in cancer treatment, with several PDI inhibi-
tors demonstrating anticancer effects. Thus, there is substan-
tial potential for the development of further small molecule
PDI inhibitors for therapeutic use in a variety of cancer types.
Further research is also needed in order to determine the key
PDI family members involved in the promotion of tumorigen-
esis due to their vast and diverse nature. The precise target-
ing of key PDI proteins within a specific cancer type has the
potential to provide a more effective, personalised treatment
strategy.
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