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Abstract: Background: Targeting protein-protein interactions (PPIs) linked to protein quality control (PQC) pathways
as potential anti-cancer drug targets have unanimously widened biological insights and the therapeutic potential
of PPIs as smart-drug discovery tools in cancer. PPIs between disease-relevant proteins associated with protein
homeostasis in PQC pathways have been linked to improved mechanistic understanding associated with conforma-
tional abnormalities and impairment, cellular proteotoxicity, induced apoptosis, and pathogenesis in different types
of cancers. In this context, PPIs between small nuclear ribonucleoprotein polypeptide G (SNRPG) and heat shock
protein 70.14 (Hsp70.14) have attracted attention as potential smart drug discovery tools in cancer diagnostics
and therapeutics. Validated evidence of high-quality biological data has shown the presence of the two proteins
in different types of cancers including breast cancer. The links between SNRPG and Hsp70.14 in cancer-cell net-
works remain elusive, overlooked, and uncharacterized. Methodology: In this study, we explored the interaction
between the two oncogenic proteins using the MST-based assays. Results: The results revealed a low K, in the
nanomolar concentration range of 2.4673 x 107 demonstrating a great affinity for SNRPG binding to Hsp70.14.
Conclusions: The results suggest a possible involvement between the two proteins in hostile tumour microenviron-
ments. Furthermore, these findings offer a different therapeutic perspective that could pave the way for the creation
of novel small molecule inhibitors as drugs for the treatment of cancer.

Keywords: Anti-cancer drug discovery, dissociation constant, Hsp70.14, microscale thermophoresis, protein-pro-
tein interactions, proteostasis, SNRPG

Introduction

The importunity and peremptory need to allevi-
ate existing cancer challenges have prompted
scientists to consider targeting protein-protein
interactions (PPIs) associated with protein
homeostasis (proteostasis) in protein quality
control (PQC) pathways as potential anticancer
drug targets [1-3]. The interference of disease-
relevant proteins associated with proteostasis
in PQC pathways has been linked to mechanis-
tic shrewdness associated with cellular proteo-
toxicity, induced apoptosis, and subsequent
pathogenesis in cancer. The intrinsic proteos-
tatic instability coupled with a hostile tumour

microenvironment presents a demanding task
for the PQC in oncogenic cells [1-4]. As a result,
PQC machineries can effectively regulate gen-
eral protein turnover as well as the degradation
of tumour-promoting or suppressive proteins,
which is an indispensable process in modulat-
ing tumour development and tumorigenesis [5].

Dysregulation of Smith (Sm) proteins (B/B’, D1,
D2, D3, E, F, and G) proteostasis has been
linked to pathophysiological cues and disease
progression in Huntington’s, Parkinson’s, Al-
zheimer’s, type Il diabetes, and different type of
cancers [6, 7]. Sm proteins play a pivotal role in
the assembly of uridyl-rich small nuclear ribo-
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Figure 1. Schematic representation of Sm proteins’ regulation in protein quality control (PQC) during U snRNP as-
sembly. Parkinson’s disease, Alzheimer’s disease, Huntington’s disease, as well as type 2 diabetes and cancer and
are just a few diseases examples of the efficient homeostasis that prevent cellular proteotoxicity, apoptosis and

disease progression. Figure taken from Prusty et al [5].

nucleoprotein particles (U snRNPs; U1, U2, U4,
and U5), which are the core components of
both the minor and major spliceosomes [5, 6].
Non-small cell lung cancer (NSCLC) cells under-
go apoptosis when Sm protein regulation is dis-
rupted [5-8]. Sm proteins are frequently upreg-
ulated in NSCLC and their increased expression
is positively correlated with disease severity
[5-8].

Regardless of the tremendous efforts to uncov-
er multiple aspects of how Sm proteins are
regulated by molecular chaperones in PQC sys-
tems, the task remains unclear, elusive, and
beyond the targeting capabilities of orthodox
technologies [5]. Sm proteins lack common
sequence motifs that identify with the known
chaperones involved in lysosomal proteolysis
[9]. The dysregulation of Sm proteins in PQC
pathways leads to their improper folding, aggre-
gation, and subsequent degradation Vvia
autophagy (shown in Figure 1) [5]. Thus, the
PQC system is critical for cell survival during
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unfavorable or harsh conditions like hostile
tumour microenvironments. To safeguard them-
selves against any type of environmental
stress, cells produce regulatory housekeeping
chaperones in PQC machineries called heat
shock proteins (HSPs) [10].

The proteostasis of the core splicing Sm pro-
tein, small nuclear ribonucleoprotein polypep-
tide G (SNRPQ), in PQC systems is of particular
interest. SNRPG has attracted significant atten-
tion in PPI-focused drug technology because of
its possible implications for carcinogenesis and
tumor progression [8]. Different expression lev-
els of SNRPG have been discovered in a variety
of malignancies, suggesting that the core splic-
ing protein amasses in hostile tumour environ-
ments, playing an important part in the genesis
and development of cancer [8, 11]. PPIs medi-
ate SNRPG, thereby making it a prospective
anti-cancer therapeutic target in PPI-focused
drug development [8].
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Figure 2. A diagram depicting the regulatory functions of house-keeping
chaperones in PQC machineries. Hsp70 is actively involved in protein folding
thereby dictating protein homeostasis in cell environments. Dysregulation of
proteins and their failure to attain final conformation leads to ubiquitylation
and degradation by the proteasome. Figure taken from Sannino and Brodsky

[4].

According to Sannino and Brodsky as well as
Powers and co-workers [4, 10], hostile tumour
environments overexpress regulatory house-
keeping chaperones in PQC machineries via
autophagy or ubiquitin-proteasome pathway.
The most abundant housekeeping chaperone
that is overexpressed in different cancer types
is a heat shock protein 70 (Hsp70) [4, 12-14].
Hsp70 plays a pivotal role in multi-protein
assemblies linked to proteostasis (protein fold-
ing, degradation, and activation) in PQC machin-
eries via the autophagy pathway (shown in
Figure 2) [4, 15]. It is involved in signal trans-
duction pathways or PQC systems with the abil-
ity to proofread, identify and repair misfolded
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and/or improperly-folded pro-
teins [15].

The increase in proliferation
of malignant cells has been
observed to correlate with
the overexpression of Hsp70,
whereas its knockdown de-
creases the proliferation and
invasiveness of oncogenic
cells [4, 12-14]. Hsp70 inhibits
TNF-a mediated-apoptotic cell
death and acts as a cell-sur-
viving factor in hostile tumour
environments. It promotes
tumorigenesis and tumour
development potential in can-
cer cells through escape
immunology mechanisms [4,
12-14]. Additionally, it increas-
es aberrant cell survival while
inhibiting the activity of apop-
totic protease activating fac-
tor 1 (Apaf-1) and indirectly
reduces the activation of pro-
caspase and apoptosis [4,
15]. Also known as Hsp70L1
(HSPA1A), Hsp70.14 is a vari-
ant of Hsp70 that lacks the
C-terminal domain but con-
tains the ATPase and sub-
strate-binding domain [16,
17]. Although little is known
about its functionality, it has
been suggested to perform a
function like Hsp70 molecules
when expressed in the same
mitochondrial compartment
of trypanosomatid bacterial
species [18]. However, Hs70L1 exhibits func-
tional differences when interacting with anti-
gen-presenting cells and dendritic cells to acti-
vate cytokines [19].

Hsp70

\
)

Considering that hostile tumour environments
amass misfolded proteins, express varying lev-
els of SNRPG, and at the same time over-
express Hsp70, these two proteins have
become indispensable anti-cancer drug tools in
the drug discovery parlance [9-12]. They are
active in critical biological pathways and are
frequently overexpressed in various cancer
types, suggesting their critical roles in signal
transduction and active involvement in protein
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quality control systems. Their functions are pre-
dominantly mediated by PPIs, making them
therapeutically vulnerable for smart drug dis-
covery. However, these suggested PPIs remain
overlooked, elusive, and yet to be character-
ized. Therefore, understanding their binding
affinity will provide novel therapeutic insights
into the development of anticancer drugs. In
this study, we characterized the binding affinity,
binding stoichiometry, and interaction thermo-
dynamics between the SNRPG and Hsp70.14
oncogenic proteins using the first-ever devel-
oped MST-based assay.

Experimental methods

Expression and purification of the SNRPG and
Hsp70.14 proteins

The Hsp70.14 (UniProtkKB-PODMV8 (HS71A_
HUMAN)) and SNRPG (UniProtkKB-P62308
(RUXG_HUMAN)) codon-optimized DNA se-
quences were cloned into the pGEX-6P-2 and
pQE30 expression vectors respectively and
purchased from GenScript, (New Jersey, USA).
Amplification of the genes was done by incorpo-
rating upstream BamHI and downstream Xhol
restriction enzymes. Using the E. coli BL21
StarTMpLysS (DE3) (Stratagene): Fomp T hsdSB
(rB-mB -) gal dcm rne131 (DE3) strain, the pro-
teins were then successfully expressed over-
night in enriched media at 25°C, induced with
0.5 mM isopropyl 1-thio-B-D-galactopyranoside
(IPTG) concentration. Purification of the recom-
binant SNRPG protein was done using a Nickel-
NTA cobalt-recharged column, while Hsp70.14
was purified using a GST-agarose (SIGMA®
Aldrich) column connected to an Econo® Ch-
romatography Column (Amersham Pharmacia).
Protein concentration was determined by use
of a NanoDrop® ND2000 spectrophotometer
(Thermo Fisher Scientific) and the elutes were
then subjected to microscale thermophoresis.

Microscale thermophoresis measurement

To label a 100 pL of 100 nM 6X His-tag SNRPG
protein, 0.05% Tween-20 was first mixed with
1X phosphate-buffered saline (pH 7.4) (PBS-T).
Then 100 pL of the Monolith His-tag Labeling
Kit RED-tris-NTA 2" Generation (M0O-L018) at a
100 nM concentration was added (NanoTemper
Technologies, Munich, Germany). A final con-
centration of 50 nM was achieved by diluting
the mixture in 1X PBS-T buffer followed by incu-
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bation in a dark room for 30 mins. This was
done to obtain fluorescence signals of the
SNRPG proteins that were similar to and above
the Monolith NT.115 instrument’s typical detec-
tion limit (NanoTemper Technologies, Munich,
Germany).

Figure 3 depicts the Microscale thermopho-
resis studies that were carried out on a
NanoTemper® Monolith NT.115 (NanoTemper
Technologies GmbH, Munich, Germany). After
sample preparation, premium treated capillar-
ies were loaded with the mixture. A Titration
against the 50 nM fluorescent 6X His-
tag~SNRPG was accomplished using a 16-tu-
be serial dilution of the non-fluorescent
GST~Hsp70.14 protein ranging from 510 nM to
3.11 x 10° yM. A final volume of 20 pL per
sample was mixed and added to each tube
using low-bind pipette tips. After preparation of
the serial dilutions, the capillaries were filled
with 4 uyL samples through capillary action.
MST measurements were performed in tri-
plicates within the premium capillaries (MO-
K025) on the NanoTemper® Monolith NT.115
(NanoTemper Technologies GmbH, Munich,
Germany). A temperature of 24.5°C, 40% MST
power, and 40% light-emitting diode (LED)
power were used, while laser off/on times peri-
ods of 5 seconds and 30 seconds, were
employed respectively. The latest version of the
MO control software (v1.6) was used to operate
the system, while the NanoTemper® analysis
software settings, which were used for data
analysis, were optimized for TRIC-sensitive
dyes.

Results

Using the RED-tris-NTA 2nd Generation dye,
fluorescent labeling of the 6X His-tag SNRPG
protein revealed a high affinity of 3.8 + 0.5 nM.
This was to be expected as binding amplitudes
and signal-to-noise ratios are usually higher
using the Monolith His-Tag labeling Kit (MO-
L018) [21, 22]. Figure 4A shows a flawlessly
overlayed graph created from MST capillary
scans for the 6X His-tag SNRPG protein, sug-
gesting that no protein was adsorbed onto the
capillaries. Figure 4B shows the capillary scan
output, confirming that there were no protein
fluorescence fluctuations and the 6X His-tag
SNRPG protein was successfully labelled. This
is an important procedure as the adsorption of
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Figure 3. Setup for MicroScale Thermophoresis (MST) (A) MST tests are carried out in microscopic glass capillaries.
The MST effect is triggered by infrared and fluorescence lasers, which generate sample tracking (B) The time-de-
pendent change in fluorescence after infrared heating of the sample capillaries is explained by temperature-related
intensity change (TRIC) and thermophoresis (C) For varied combination ratios of target and ligand molecules, sev-
eral MST traces are acquired (D) The steady-state affinity of the target-ligand interaction can be determined through
dose-response analysis of MST traces. (Figure extracted from Mabonga et al [20]).
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Figure 4. MST scans for the 6XHis-tag SNRPG protein in capillaries. The capillary scan graph was perfectly overlayed,
indicating that there was no SNRPG protein adsorption onto the capillaries (A). As expected, the capillary scans re-
vealed no changes in protein fluorescence, indicating that the SNRPG protein was successfully labelled (B).
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Figure 5. Thermograph of SNRPG binding to the Hsp70.14 at 24.5°C. For varying combination ratios of the SNRPG
and Hsp70.14, several MST traces were recorded. To determine the K of the contact and avoid potential convection
phenomena, the cold zone is set to O seconds (blue) and the hot region to 20 seconds (red).

reference ligands and proteins onto the capil-
lary walls subsequently results in a loss of
material, which may, in turn, cause a decrease
or ablation in ligand binding, thereby affecting
the MST signal and consequent results
[21-23].

Pre-test binding checks to ascertain detectable
binding between the 6X His-tag SNRPG and the
GST-Hsp70.14 proteins ensued after success-
ful fluorescence labelling of the 6X His-tag
SNRPG protein. Positive results were observed
suggesting detectable binding between the two
macromolecules. Pre-testing for the adjust
ment of concentrations or labelling is highly
recommended to minimize material waste from
experiments that have either failed or demon-
strate indeterminant binding affinity caused by
insufficient fluorescence [21-23].

MO Affinity Analysis software v2.3 was used to
characterize and analyse the binding event
between the SNRPG and Hsp70.14 proteins.
Analysis was conducted using an MST on-time
of 1.5 seconds, which was also employed for
calculating the K value, where n = 3 indepen-
dent measurements (error bars represent the
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standard deviation). Table S1 summaries the
MST raw dataset of the merged PPl dose-
response between SNRPG and Hsp70.14, while
any other additional MST raw data is provided
as Supplementary Data (S1). Dose-response
curves were fitted to a one-site binding model
to extract K, values from a K -binding model
assuming a 1:1 binding stoichiometry.

As is seen on the raw MST trace plot, the rela-
tive and significant changes observed in fluo-
rescence were directly proportional to an
increase in the titration concentration of
Hsp70.14. The thermograph depicted in Figure
5 shows no signs of aggregation or adhesion.
This indicates the transitioning process
between the two proteins in an unbound to a
bound state.

The accuracy of a binding curve is highly depen-
dent on the occurrence of three significant
points that do not imply binding, the slope of
binding and binding to completion [23]. A tritra-
tion curve with a conventional sigmoidal shape
and a peak in the thermophoresis signal near
to the apparent saturation point is shown in
Figure 6. The findings suggest that during bind-

Am J Transl Res 2022;14(9):6150-6162
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Figure 6. The binding interaction between SNRPG and Hsp70.14 has a dose-response curve. SNRPG protein con-
centration was held constant at 50 nM, whereas ligand concentrations ranged from 510 nM to 3.11 x 10° M. The
interaction’s binding affinity measurement yielded a K of 0.0247 nM. The studies were carried out at 24.5°C for

30 minutes at medium MST and 40 percent LED power.

Table 1. Overview of the MST dataset
between the SNRPG and Hsp70.14

Description Experiment
Target Name SNRPG
Target Concentration 50 nM
Ligand Name Hsp70.14

Ligand Concentration

510 nM to 3.11 x 10° yM

N 3
Excitation Power 40%
MST Power 40%
Temperature 24.5°C

K, 2.4673 x 107
K, Confidence + 3.606 x 107
Response Amplitude 18.759832
Target Concentration 5 x 108 [Fixed]
Unbound 911.77
Bound 930.53
Std. Error of Regression 2.9145883
Reduced x? 2.8785179
Signal to Noise 6.9522461

ing, identical fluorescence changes and differ-
ing thermophoretic characteristics were pro-
duced. Measurements of the binding affinity
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under aqueous conditions between the SNRPG
and Hsp70.14 proteins were determined and a
K, value of 0.0247 nM was observed (Table 1).

Discussion

Protein quality control (PQC) machineries play
critical roles to ensure protein homeostasis in
both healthy and diseased cells [24]. Targeting
PPIs linked to PQC pathways is an inevitable
strategy in PPI-focused drug discovery [24-26].
The demanding task for PQC machineries in
hostile tumour microenvironments has fur-
nished scientists with an ever-growing panora-
ma of mechanistic shrewdness into pathogen-
esis and disease progression. PQC machinery
modulate general protein turnover as well as
the degradation of tumor-promoting and/or
suppressive proteins, which are crucial pro-
cesses in carcinogenesis and tumor growth
[24, 25]. The pathogenic function of these
machineries may possibly extrapolate to highly
prolonged revocations and curative therapies
for many incurable diseases such as cancer
[25]. The pathologies associated with PPIs in
malfunctioning PQC machineries and deregula-
tion of protein homeostasis may enable the

Am J Transl Res 2022;14(9):6150-6162
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design of specific pharmacological treatment
of cancers [4]. The approach has been suc-
cessful for multiple myeloma, leading to the
creation of bortezomib, a proteasome inhibitor.
Several other compounds have also entered
the market with some currently being tested
clinically and pre-clinically [27].

The rational optimization of molecular interac-
tions between SNRPG and Hsp70.14 has been
an overlooked anti-cancer strategy for many
years. Deciphering the modus operandi bet-
ween the two proteins might reap enormous
therapeutic benefits in the cancer world. A vast
range of biological activities link the two pro-
teins, and they play crucial roles in cancer-cell
processes [8, 15]. As precursors to major and
minor spiceosomes, small nuclear ribonucleo-
proteins (SNRNPs), require SNRPG for their for-
mation [28-31]. The proteostatic regulation of
SNRPG by PQC machineries is of particular
interest in hostile tumour microenvironments
[5]. Regulation of SNRPG by chaperone-mediat-
ed autophagy (CMA) is supposedly modulated
by Hsp70 among other PQC substrates [14, 15].
However, the precise mechanism of involve-
ment between SNRPG and Hsp70 in both
healthy and hostile tumour microenvironments
remain elusive and yet to be characterised.

This study provides the first line of evidence in
quantifying the interactive affinity between
SNRPG and Hsp70.14 using the MST assay.
The results from the MST experiment between
SNRPG and Hsp70.14 observed high binding
affinity with a K value of 2.4673 x 107 (Table
1). The experiment was conducted at medium
MST and 40% LED power with 30 minutes incu-
bation time, at 25°C. The results provide the
first optimized methodology suitable for study-
ing PPls between oncoproteins involved in
protein homeostasis in PQC machineries. The
strong binding between the SNRPG and
Hsp70.14 proteins suggests possible involve-
ment between the core splicing protein and
molecular chaperone as shown by the K value
for the low nanomolar concentration range. In
pharmacological research, this observation is
particularly interesting because it provides
first stage biological insights into the possible
involvement between the two proteins in hos-
tile tumour microenvironments. The thermatic
interaction provides a critical therapeutic foot-
hold into the mechanistic structure-function
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relationship towards the development of anti-
cancer drugs [8].

With the realization that most PPI-focused anti-
cancer drug targets are poorly suited for enga-
gement by orthodox large molecule drug class-
es, small molecule inhibitors have provided
powerful impetus as new structural classes of
drugs that could fill the existing interludes in
the drug discovery parlance [32-37]. The design
of small molecule drugs is an indispensable
smart drug tool to modulate the weak and ther-
apeutically vulnerable SNRPG~Hsp70.14 inter-
action. According to Salahudeen and Nishtala
[38] PPIs with low nanomolar concentrations
are critical in modulating cancer-relevant bio-
logical processes and have prompted scien-
tists to develop architecturally complex syn-
thetic mimicries as anti-cancer inhibitor drugs.

Generally, lower K values resemble stronger
binding and higher binding affinity. Conversely,
weaker and lower binding affinities are associ-
ated with higher K values. From a drug discov-
ery perspective, weak PPIs with lower K values
(i.e., high binding affinity) are therapeutically
vulnerable as drug targets [38, 39]. Such PPIs
have a low binding affinity and can be inhibited
with small molecules in PPI-focused drug devel-
opment [38]. Thus, the weak SNRPG~Hsp70.14
interaction can be a good starting point to
perform high-throughput screening of small
molecule ‘lead compounds’ as anti-cancer
drug candidates. The modulation of the
SNRPG~Hsp70.14 interaction may represent a
breakthrough in the biomedical field [8, 40,
41].

The activity of a slew of PPls is activated
when autophagy is modulated in PQC bet-
ween signalling and regulatory molecules [42,
43]. SNRPG~Hsp70.14 interaction has clini-
cal importance as well as prognostic conse-
quences in tumorigenesis and tumour develop-
ment, but this remains a matter of debate.
However, suggestive evidence indicates that
SNRPG~Hsp70.14 interaction may represent
key processes in tumour initiation, progression,
and resistance to cancer therapies [8, 41]. The
interaction may intriguingly emerge as a critical
arsenal in patient stratifications as well as a
conjecturing prognostic biomarker. Thus, strat-
egies to inhibit the SNRPG~Hsp70.14 interac-
tion may accelerate the emergence of next-gen-
eration pharmacological drugs targeting the

Am J Transl Res 2022;14(9):6150-6162
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PQC as new tools for anticancer therapies [8,
40].

Targeting the SNRPG~Hsp70.14 interaction in
the autophagy PQC pathway is ultimately a new
anti-cancer therapeutic option. The uncertain
link between SNRPG and Hsp70 in cancer
development provides an opportunity to target
the regulation of autophagy PQC machinery as
a PPI-focussed anticancer therapy at various
stages of cancer. Targeting autophagic PQC
pathways is a promising approach to perambu-
late outcomes in cancer treatment. More gen-
erally, it is suggested that an autophagy defect
leading to the dysregulation of proteins like
SNRPG would facilitate tumorigenesis and
tumour development [5, 8, 42, 43]. The up-reg-
ulation of Hsp70 in autophagic PQC path-
ways may compensate the amassed SNRPG
proteins in growing tumours and may help to
combat hostile tumour microenvironments [8,
14]. Thus, the successful characterization of
SNRPG~Hsp70.14 PPI may present an inevita-
ble strategy to develop anti-cancer drugs.

Over the years, successes in targeting PPIs
linked to autophagic PQC pathways as potential
drug targets have been reported. Many anti-
cancer drugs targeting molecular chaperones
are already on the market with some having
already entered the clinical setting [23].
Examples of drug agents linked to PQC mecha-
nisms are highlighted in Table 2. However, PPI-
focused smart drug molecules linked to the
interaction between SNRPG and Hsp70.14
have not yet been identified or characterised.
Identifying small molecule inhibitors as drug
leads for the SNRPG~Hsp70.14 interaction
may possibly usher the final pinnacle of human
ingenuity in alleviating cancer challenges [8].

Targeting PPls between regulatory proteins
linked to PQC in developing anti-cancer drugs
remains the quintessence of the future of PPI-
focused drug discovery. Given the importance
of protein homeostasis in biological systems
and its complexity, targeting the interaction
between SNRPG and Hsp70.14 for drug discov-
ery in cancer may provide new perspectives in
PPI-centred drug discovery. The biological con-
nection between the molecular chaperone
Hsp70 and the splicing protein SNRPG remain
an overlooked arsenal in the design and devel-
opment of anticancer therapies. Defects in
SNRPG regulation have been linked to abnor-
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mal splicing patterns in a variety of apoptotic
factors, resulting in tumourigenesis and tumor
growth [5, 8]. Therefore, PPls between anti-
apoptotic and proapoptotic proteins linked to
the PQC may pave the way for the creation of
novel anti-cancer drugs [5, 8, 49]. Thus, target-
ing the interaction between SNRPG and Hsp70
in PPl-focused drug discovery may represent
the final panorama of human ingenuity in allevi-
ating the modern-day cancer challenges.

Conclusion

Based on growing research findings and clinical
trials, it is beyond doubt that PQC and protein
homeostasis pathways are critical for cancer
cell survival. Targeting these pathways not only
aids drug discovery in the biopharmaceutical
world, but it also aids in answering fundamen-
tal concerns about cancer biology. To this end,
novel proteins that regulate proteostasis path-
ways and the splicing machinery, such as the
Hsp70.14 and SNRPG are currently being eval-
uated for PPI-focused anti-cancer drug dis-
covery.

Potent and authentic determination of the bind-
ing affinity between SNRPG and the Hsp70.14
is crucial in deciphering the relationship
between the PQC and splicing machineries in
both health and hostile tumor microenviron-
ments. Quantitative analysis of the intermolec-
ular interaction between the two regulating
oncogenic proteins is critical for the develop-
ment of innovative and effective anti-cancer
therapies. Analysis of the MST results demon-
strated in the present study is the first in vitro
mechanistic elucidation into the interaction
between SNRPG and Hsp70.14

The study affirms the overlooked scientific pur-
suit insinuating the possibility of in vivo involve-
ment of two regulatory proteins, and strongly
establishes possible involvement between
SNRPG and the Hsp70.14 in cancer-cell net-
works. Furthermore, it disqualifies the oversight
that has been placed on the prospective use of
the SNRPG~Hsp70.14 interaction in developing
PPIl-focused smart drugs. Extrapolated explora-
tion of the molecular and structural interplay
between the two proteins may yield to curative
therapies. Thus, small molecule ‘lead’ com-
pounds capable of modulating the interaction
may lead to the discovery, design and develop-
ment of possible anti-cancer nootropics.
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Table 2. Pre-Clinical/Clinical Drug Agents Targeting the Protein Quality Control Mechanisms

Pathways Compounds

Target

Drug development stage

Unfolded protein response STF-083010
Salicyaldehyd
MKC-3946
Toyocamycin
GSK265615
GSK260641
ISRIB
Salubrinal
Guanabenz
Compound 132
Compound 263
Ceapins A7
Geldanamycin
17-AAG
Alvespimycin
Retaspimycin
Luminespib
Onalespib
Ganestespib
Triptolide
Rohinitib
Autophagy Rapamycin
Temsirolimus

Heat shock proteins

Everolimus
ACY-1215
ACY-241

Inhibitor of XBP1 splicing [44]

Inhibitor of the IRE1 aiendoribonuclease activity [45]

Inhibitor of XBP1 splicing [46]

Inhibitor of XBP1 splicing [47]

Inhibitor of PERK phosphorylation [48]
Inhibitor of PERK phosphorylation [48]
Activator of elF2[3 [49]

Inhibitor of GADD34 [50]

Disruptor GADD34-PP1c complex [51]
Selective activator of ATF6 [52]

Selective activator of ATF6 [52]

Inhibitor of ATF6x [53]

Inhibitor of Hsp90 [54]

Inhibitor of Hsp90 [55]

Oral inhibitor of HSP9O [56]

ATPase inhibitor of HSP9O [56]

Second generation HSP9O0 inhibitor [56]
Selective HSP9O inhibitor [56]

Potent inhibitor of HSP9O [56]

HSF1 transactivation domain inhibitor [57]
HSF1- DNA binding inhibitor [58]
Allosteric inhibitor of mTOR1 [59]
Specific inhibitor of mTOR [59]

Selective mTORC1 inhibitor [59]

Potent and selective HDACG inhibitor [60]
Potent and selective HDACG inhibitor [61]

Pre-clinical (in vivo
Pre-clinical (in vivo
Pre-clinical (in vivo
Pre-clinical (in vivo
Pre-clinical (in vivo

Pre-clinical (in vivo

)
( )
( )
Pre-clinical (in vivo)
( )
( )
( )
Pre-clinical (in vivo)
FDA approved (HT), first approved in 1994
Pre-clinical (in vivo)

Pre-clinical (in vivo)

Pre-clinical (in vivo)

Phase | clinical trial

Multiple Phase | clinical trials

Multiple Phase I/1l clinical trials

Multiple Phase I/1l clinical trials

Multiple Phase I/1l clinical trials

Multiple Phase I/11 clinical trials

Multiple Phase I/11 clinical trials

Multiple Phase I/11/11l clinical trials
Pre-clinical (in vivo)

FDA approved (IS), first approved in 1999
FDA approved (RCC), first approved in 2007
FDA approved (RCC), first approved in 2009
Multiple Phase I/1l clinical trials

Multiple Phase | clinical trials

6159

Am J Transl Res 2022;14(9):6150-6162



MST study of SNRPG and Hsp70.14 towards new anti-cancer drug discovery

Acknowledgements

Lloyd Mabonga and Paul Chukwudi Ikwegbue
are thankful to the National Research
Foundation (NRF) of South Africa for doctoral
bursaries, while Priscilla Masamba is grateful
to the Department of Science and Innovation
(DSI) through the National Research Foundation
(NRF) for a Postdoctoral Research Fellowship.
Abidemi Paul Kappo is grateful for support pro-
vided by the University of Johannesburg Uni-
versity Research Committee.

Disclosure of conflict of interest
None.

Address correspondence to: Abidemi Paul Kappo,
Molecular Biophysics and Structural Biology (MBSB)
Group, Department of Biochemistry, C2 Lab Room
426, Faculty of Science, University of Johannesburg,
Auckland Park Kingsway Campus, Auckland Park
2006, South Africa. Tel: +27 11 559 3182; Fax: +27
11 559 2605; E-mail: akappo@uj.ac.za

References

[1] Diaz-Eufracio BI, Jesls Naveja J and Medina-
Franco JL. Protein-protein interaction modula-
tors for epigenetic therapies. Adv Protein Chem
Struct Biol 2018; 110: 65-84.

[2] Adams JM and Cory S. The Bcl-2 apoptotic
switch in cancer development and therapy. On-
cogene 2017; 26: 1324-1337.

[3] Kale J, Osterlund EJ and Andrews DW. BCL-2
family proteins: changing partners in the
dance towards death. Cell Death Diff 2018;
25: 65-80.

[4] Sannino S and Brodsky JL. Targeting protein
quality control pathways in breast cancer. BMC
Biology 2017; 15: 109.

[5] Prusty AB, Meduri R, Prusty BK, Vanselow J,
Schlosser A and Fischer U. Impaired spliceoso-
mal U snRNP assembly leads to Sm mRNA
down-regulation and Sm protein degradation. J
Cell Biol 2017; 216: 2391-2407.

[6] Schwer B, Kruchten J and Shuman S. Struc-
ture-function analysis and genetic interactions
of the SmG, SmE, and SmF subunits of the
yeast Sm protein ring. RNA 2016; 22: 1320-
1328.

[7]  Ohtani M. Plant snRNP biogenesis: a perspec-
tive from the nucleolus and cajal bodies. Front
Plant Sci 2018; 8: 2184.

[8] Mabonga L and Kappo AP. The oncogenic po-
tential of small nuclear ribonucleoprotein poly-
peptide G: a comprehensive and perspective
view. Am J Transl Res 2019; 11: 6702-6716.

6160

(14]

(15]

(16]

(17]

(18]

(19]

[20]

(21]

[22]

Dice JF. Peptide sequences that target cyto-
solic proteins for lysosomal proteolysis. Trends
Biochem Sci 1990; 15: 305-309.

Powers MV, Clarke PA and Workman P. Death
by chaperone: HSP90O, HSP70 or both? Cell
Cycle 2009; 8: 518-26.

Conte N, Charafe-Jauffret E, Delaval B, Ade-
laide J, Ginestier C, Geneix J and Birnbaum D.
Carcinogenesis and translational controls:
TACC1 is down-regulated in human cancers
and associates with mRNA regulators. Onco-
gene 2002; 21: 5619-5630.

Luo J, Solimini NL and Elledge SJ. Principles of
cancer therapy: oncogene and non-oncogene
addiction. Cell 2009; 136: 823-37.

Donnelly N and Storchova Z. Aneuploidy and
proteotoxic stress in cancer. Mol Cell Oncol
2015; 2: e976491.

Calderwood SK and Gong J. Heat shock pro-
teins promote cancer: it's a protection racket.
Trends Biochem Sciences 2016; 41: 311-23.
Mayer MP and Bukau B. Hsp70 chaperones:
cellular functions and molecular mechanism.
Cell Mol Life Sci 2005; 62: 670.

Kappo MA, Ab E, Hassem F, Atkinson RA, Faro
A, Muleya V, Mulaudzi T, Poole JO, Mckenzie
JM, Chibi M, Moolman-Smook JC, Rees DJ and
Pugh DJ. Solution structure of RING finger-like
domain of retinoblastoma-binding protein-6
(RBBP6) suggests it functions as a U-box. J Biol
Chem 2012; 287: 7146-7158.

Ikwegbue PC. Investigation of Interaction be-
tween Heat shock protein 70.14 (Hsp 70.14)
and RBBP6 RING finger domain. MSc Bio-
chemistry Dissertation, University of Zululand,
KwaDlangezwa, South Africa. 2019.

Searle S, McCrossan MV and Smith DF. Expres-
sion of a mitochondrial stress protein in the
protozoan parasite Leishmania major. J Cell
Sci 1993; 104: 1091-1100.

Wan T, Zhou X, Chen G, An H, Chen T, Zhang W,
Liu S, Jiang Y, Yang F, Wu Y and Cao X. Novel
heat shock protein Hsp70L1 activates dendrit-
ic cells and acts as a Thl polarizing adjuvant.
Blood 2004; 103: 1747-54.

Mabonga L, Masamba P, Basson AK and Kap-
po AP. Microscale thermophoresis analysis of
the molecular interaction between small nu-
clear ribonucleoprotein polypeptide G and the
RING finger domain of RBBP6 towards anti-
cancer drug discovery. Am J Transl Res 2021;
13: 12775-12785.

Rainard JM, Pandarakalam GC and McElroy
SP. Using microscale thermophoresis to char-
acterize hits from high-throughput screening: a
European lead factory perspective. SLAS Dis-
cov 2018; 23: 225-241.

Bekic I, Molnar M and Tschammer N. Protein
labeling-improved quantitation of biomolecular

Am J Transl Res 2022;14(9):6150-6162


mailto:akappo@uj.ac.za

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

(31]

[32]

[33]

[34]

[35]

MST study of SNRPG and Hsp70.14 towards new anti-cancer drug discovery

interactions by MST using the His-Tag labeling
kit RED-tris-NTA 2nd generation. 2018. Avail-
able: https://resources.nanotempertech.com/
technical-notes/protein-labeling-improved-qu-
antitation-of-biomolecular-interactions-by-mst-
using-the-his-tag-labeling-kit-red-tris-nta-2nd-
generation-4?locale=en_us (Accessed 12 De-
cember 2020).

Mrozowich T, Meier-Stephenson V and Patel
TR. Microscale thermophoresis: warming up to
a new biomolecular interaction technique. Bio-
chem (Lond) 2019; 41: 8-12.

Moon HW, Han HG and Jeon YJ. Protein quality
control in the endoplasmic reticulum and can-
cer. Int J Mol Sci 2018; 19: 3020.

Morito D and Nagata K. Pathogenic Hijacking
of ER-associated degradation: is ERAD flexi-
ble? Mol Cell 2015; 59: 335-344.

Yoo YS, Han HG and Jeon YJ. Unfolded protein
response of the endoplasmic reticulum in tu-
mor progression and immunogenicity. Oxid
Med Cell Longev 2017; 2017: 2969271.
Bastola P, Oien DB, Cooley M and Chien J.
Emerging cancer therapeutic targets in protein
homeostasis. AAPS J 2018; 20: 94.

Lihrmann R, Kastner B and Bach M. Structure
of spliceosomal snRNPs and their role in pre-
mRNA splicing. Biochim Biophys Acta 1990;
1087: 265-292.

Palfi Z, Lucke S, Lahm HW, Lane WS, Kruft V,
Bragado-Nilsson E, Seraphin B and Bindereif
A. The spliceosomal snRNP core complex of
Trypanosoma brucei: cloning and functional
analysis reveals seven Sm protein constitu-
ents. Proc Natl Acad Sci USA 2000; 97: 8967-
8972.

Stevens SW and Abelson J. Purification of the
yeast U4/U6.U5 small nuclear ribonucleopro-
tein particle and identification of its proteins.
Proc Natl Acad Sci U S A 1999; 96: 7226-
7231.

Will CL and Lihrmann R. Spliceosome struc-
ture and function. Cold Spring Harb Perspect
Biol 2011; 3: a003707.

Robertson NS and Spring DR. Using peptidomi-
metics and constrained peptides as valuable
tools for inhibiting protein-protein interactions.
Molecules 2018; 23: 959.

Nimmagadda A, Shi Y and Cai J. y-AApeptides
as a new strategy for therapeutic development.
Curr Med Chem 2019; 26: 2313-2329.
Stevers LM, Sijbesma E, Botta M, MacKintosh
C, Obsil T, Landrieu I, Cau Y, Wilson AJ, Karawa-
jezyk A, Eickhoff J, Davis J, Han M, O’Mahony
G, Doveston RG, Brunsveld L and Ottman C.
Modulators of 14-3-3 protein-protein interac-
tions. J Med Chem 2018; 61: 3755-3778.
Verdine GL and Walensky LD. The challenge of
drugging undruggable targets in cancer: les-

6161

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

sons learned from targeting BCL-2 family mem-
bers. Clin Cancer Res 2007; 13: 7264-7270.
Kaiser J. After decades, progress against an
‘undruggable’ cancer target. Science 2019;
366: 561.

Mérchen B, Shkura O, Stoll R and Helfrich I.
Targeting the “undruggable” RAS - new strate-
gies - new hope? Cancer Drug Resist 2019; 2:
813-826.

Salahudeen MS and Nishtala PS. An overview
of pharmacodynamic modelling, ligand-bind-
ing approach and its application in clinical
practice. Saudi Pharm J 2017; 25: 165-175.
Kenakin T. Techniques for more effective and
strategic drug discovery. In: A Pharmacology
Primer. 4" ed. Amsterdam, The Netherlands.
Elsevier, Academic Press. 2014.

Schopf FH, Biebl MM and Buchner J. The
HSP9O0 chaperone machinery. Nat Rev Mol Cell
Biol 2017; 18: 345-360.

Basso AD, Solit DB, Chiosis G, Giri B, Tsichlis P
and Rosen N. Akt forms an intracellular com-
plex with heat shock protein 90 (Hsp90) and
Cdc37 and is destabilized by inhibitors of
Hsp90 function. J Biol Chem 2002; 277:
39858-39866.

Trcka F, Vojtesek B and Muller P. Protein quality
control and cancerogenesis. Klin Onkol 2012;
25 Suppl 2: 2538-44.

Burman C and Ktistakis NT. Regulation of au-
tophagy by phosphatidylinositol 3-phosphate.
FEBS Lett 2010; 584: 1302-1312.
Papandreou |, Denko NC, Olson M, Van Melcke-
beke H, Lust S, Tam A, Solow-Cordero DE, Bou-
ley DM, Offner F, Niwa M and Koong AC. Identi-
fication of an Irelalpha endonuclease specific
inhibitor with cytotoxic activity against human
multiple myeloma. Blood 2011; 117: 1311-
1314.

Chien W, Ding LW, Sun QY, Torres-Fernandez
LA, Tan SZ, Xiao J, Lim SL, Garg M, Lee KL,
Kitajima S, Takao S, Leong WZ, Sun H, Tokatly
I, Poellinger L, Gery S and Koeffler PH. Selec-
tive inhibition of unfolded protein response in-
duces apoptosis in pancreatic cancer cells.
Oncotarget 2014; 5: 4881-4894.

Volkmann K, Lucas JL, Vuga D, Wang X, Brumm
D, Stiles C, Kriebel D, Der-Sarkissian A, Krish-
nan K, Schweitzer C, Liu Z, Malyankar UM,
Chiovitti D, Canny M, Durocher D, Sicheri F and
Patterson JB. Potent and selective inhibitors of
the inositol-requiring enzyme 1 endoribonucle-
ase. J Biol Chem 2011; 286: 12743-12755.

Ri M, Tashiro E, Oikawa D, Shinjo S, Tokuda M,
Yokouchi Y, Narita T, Masaki A, Ito A, Ding J,
Kusumoto S, Ishida T, Komatsu H, Shiotsu Y,
Ueda R, Iwawaki T, Imoto M and lida S. Identifi-
cation of toyocamycin, an agent cytotoxic for
multiple myeloma cells, as a potent inhibitor of

Am J Transl Res 2022;14(9):6150-6162



(48]

[49]

(50]

(51]

[52]

(53]

6162

MST study of SNRPG and Hsp70.14 towards new anti-cancer drug discovery

ER stress-induced XBP1 mRNA splicing. Blood
Cancer J 2012; 2: e79.

Axten JM, Medina JR, Feng Y, Shu A, Romeril
SP, Grant SW, Li WHH, Heerding DA, Minthorn
E, Mencken T, Atkins C, Liu Q, Rabindran S, Ku-
mar R, Hong X, Goetz A, Stanlet T, Taylor JD,
Sigethy SD, Tomberlin GH, Hassell AM, Kahler
KM, Shewchuk LM and Gampe RT. Discovery
of 7-methyl-5-(1-{[3-(trifluoromethyl)phenyllac-
etyl}-2,3-dihydro-1H-indol-5-yl)-7H-pyrrolo[2,3-
d]pyrimidin-4-amine (GSK2606414), a potent
and selective first-in-class inhibitor of protein
kinase R (PKR)-like endoplasmic reticulum ki-
nase (PERK). J Med Chem 2012; 55: 7193-
7207.

Halliday M, Radford H, Sekine Y, Moreno J, Ver-
ity N, le Quesne J, Ortori CA, Barrett DA,
Fromont C, Fischer PM, Harding HP, Ron D and
Mallucci GR. Partial restoration of protein syn-
thesis rates by the small molecule ISRIB pre-
vents neurodegeneration without pancreatic
toxicity. Cell Death Dis 2015; 6: e1672.

He L, Lee J, Jang JH, Sakchaisri K, Hwang J,
Cha-Molstad HJ, Kim KA, Ryoo RJ, Lee HG, Kim
SO, Soung NK, Lee KS, Kwon YT, Erikson RL,
Ahn JS and Kim BY. Osteoporosis regulation by
salubrinal through elF2a mediated differentia-
tion of osteoclast and osteoblast. Cell Signal
2013; 25: 552-560.

Tsaytler P, Harding HP, Ron D and Bertolotti A.
Selective inhibition of a regulatory subunit of
protein phosphatase 1 restores proteostasis.
Science 2011; 332: 91-94.

Plate L, Cooley CB, Chen JJ, Paxman RJ, Galla-
gher CM, Madoux F, Genereux JC, Dobbs W,
Garza D, Spicer TP, Scampavia L, Brown SJ,
Rosen H, Powers ET, Walter P, Hodder P, Wise-
man RL and Kelly JW. Small molecule proteos-
tasis regulators that reprogram the ER to re-
duce extracellular protein aggregation. ELife
2016; 5: e15550.

Gallagher CM, Garri C, Cain EL, Ang KK, Wilson
CG, Chen S, Hearn BR, Jaishankar P, Aranda-
Diaz A, Arkin MR, Renslo AR and Walter P.
Ceapins are a new class of unfolded protein
response inhibitors, selectively targeting the
ATF6abranch. Elife 2016; 5: e11878.

(54]

[55]

[56]

(57]

(58]

(59]

[60]

[61]

Supko JG, Hickman RL, Grever MR and Mals-
peis L. Preclinical pharmacologic evaluation of
geldanamycin as an anti tumor agent. Cancer
Chemother Pharmacol 1995; 36: 305-315.
Neckers L and Workman P. Hsp9Q0 molecular
chaperone inhibitors: are we there yet? Clin
Cancer Res 2012; 18: 64-76.

Butler LM, Ferraldeschi R, Armstrong HK, Cen-
tenera MM and Workman P. Maximizing the
therapeutic potential of Hsp9O inhibitors. Mol
Cancer Res 2015; 13: 1445-51.

Westerheide SD, Kawahara TL, Orton K and
Morimoto RI. Triptolide, an inhibitor of the hu-
man heat shock response that enhances
stress-induced cell death. J Biol Chem 2006;
281:9616-22.

Santagata S, Mendillo ML, Tang YC, Subrama-
nian A, Perley CC, Roche SP, Wong B, Narayan
R, Kwon H, Koeva M, Amon A, Golub TR, Porco
Jr JA, Whitesell L and Lindquist S. Tight coordi-
nation of protein translation and HSF1 activa-
tion supports the anabolic malignant state.
Science 2013; 341: 1238303.

Meng L-h and Steven Zheng XF. Toward ra-
pamycin analog (rapalog)-based precision can-
cer therapy. Acta Pharmacol Sin 2015; 36:
1163-1169.

Mishima Y, Santo L, Eda H, Cirstea D, Nemani
N, Yee AJ, O’'Donnell E, Selig MK, Quayle SN,
Arastu-Kapur S, Kirk C, Boise LH, Jones SM
and Raje N. Ricolinostat (ACY-1215) induced
inhibition of aggresome formation accelerates
carfilzomib-induced multiple myeloma cell
death. Br J Haematol 2015; 169: 423-434.
Huang P, Aimeciga-Pinto |, Jarpe M, van Duzer
JH, Mazitschek R, Yang M, Jones SS and Quay-
le SN. Selective HDAC inhibition byACY-241 en-
hances the activity of paclitaxel in solid tumor
models. Oncotarget 2017; 8: 2694-707.

Am J Transl Res 2022;14(9):6150-6162



MST study of SNRPG and Hsp70.14 towards new anti-cancer drug discovery

Table S1. MST raw data of merged dose-response of the PPl between SNRPG and Hsp70.14

Dose Response (Average) Std. Dev. N
5.1E-07 924.61335 2.37565 3
2.55E-07 919.19981 0.67155 3
1.275E-07 920.33991 3.01888 3
6.375E-08 912.26622 1.33844 3
3.1875E-08 912.41764 2.84477 3
1.59375E-08 916.05525 2.77107 3
7.96875E-09 916.24642 2.2942 3
3.984375E-09 913.61667 2.67776 3
1.992188E-09 911.94189 1.09236 3
9.96094E-10 907.85358 4.03257 3
4.98047E-10 909.8712 4.77011 2
2.49023E-10 906.94954 2.77234 3
1.24512E-10 914.02444 6.01046 3
6.2256E-11 913.84861 0.56001 3
3.1128E-11 911.82478 1.39014 2
1.5564E-11 Outlier Outlier Outlier




