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peptidase (USP37) mediated
effects in microscaffold-encapsulated cells:
a comprehensive study on growth, proliferation
and EMT†

Shreemoyee De,‡a Ravi Chauhan,‡b Mayank Singh*b and Neetu Singh *ac

Though significant advances have been made in developing therapeutic strategies for cancer, suitable in

vitro models for mechanistically identifying relevant drug targets and understanding disease progression

are still lacking. Most studies are generally performed using two-dimensional (2D) models, since these

models can be readily established and allow high throughput assays. However, these models have also

been reported as the reason for unreliable pre-clinical information. To avoid this discrepancy, three-

dimensional (3D) cell culture models have been established and have demonstrated the potential to

provide alternative ways to study tissue behavior. However, most of these models first require

optimization and cell cultures with a certain density, thus adding a prepping step in the platform before it

can be used for any studies. This limits their use in studies where the fundamental understanding of

biological processes must be carried out in a short time frame. In this study, we developed a 3D cell

culture system that tests a less explored cancer therapeutic target—the deubiquitinating enzyme

ubiquitin specific peptidase 37 (USP37)—in different cancer cell lines using sensitive carbon dot pH

nanosensors, which provides a rapid model for studies compared to the parallel model available

commercially. This enzyme is found to be elevated in different cancers and has been reported to play

a role in cell cycle regulation, oncogenesis and metastasis. However, the confirmation of the role of

USP37 downregulation in cellular proliferation via appropriate in vitro 3D models has not been

demonstrated. To establish the applicability of the developed 3D platform in studying such oncogenes,

classical 2D models have been used in this study for identifying the role of USP37 in tumor progression

and metastasis. The data clearly suggests that this ingeniously developed 3D cell culture system is

a better alternative to 2D models to study the growth and migration of different cancer cell lines on

depletion of oncogenic proteins like USP37 and its effect on epithelial–mesenchymal transition (EMT)

markers, and it can further be targeted as a viable therapeutic option.
1. Introduction

Despite decades of research and improvements in treatment
modalities, overall survival and a superlative therapeutic
approach remain distant goals in cancer therapy. Therefore, it is
the foremost requirement to understand the disease at its core
in order to improve current models and systems or switch to
new ones to discover the best possible cure. Among the primary
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model systems used to study cancer cell proliferation are in vitro
or in vivo model systems.1,2 Traditionally in vivo mouse models
are among the fundamental models to study emerging thera-
peutic biomarkers in cancer. The disadvantages of murine
models are that they are expensive and require skilled profes-
sionals, and they sometimes fail to reproduce human
complexities owing to a different genetic makeup of the murine
genome. In vitro systems use commercially available cell lines
which are cultured in culture plates and dishes, which are
termed two-dimensional (2D) platforms. However, these have
their own set of shortcomings, such as lacking the complexities
of in vivo tissue organization and too uniform distribution of
cells and nutrients, thus failing to be a tangible model repre-
sentation of any human tissue or organ.3 It has also been real-
ized that only 10% of the drugs that show positive results in 2D
systems give effective outcomes in clinical trials.4 This lack of
appropriate platforms to understand how tumor cells actually
RSC Adv., 2024, 14, 5461–5471 | 5461
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grow inside the tumor microenvironment has also hindered the
development of new cancer therapies.5 Thus, there is a tremen-
dous need for developing reliable in vitro platforms where
fundamental studies can be performed for understanding
cancer cell proliferation and expansion. Such platforms can also
be used for reliable testing and validation of novel therapeutic
markers as well as identication of new chemotherapeutic
regimes.6 To overcome these problems 3D models are being
explored as an alternative option for in vitro studies. These
models are easy to handle and can also mimic the complexities
of the in situ environment, like the heterogeneous tumour
microenvironment, hypoxia and matrix composition.7 Attempts
are being made to design 3D models that can recapitulate the
human like microenvironment not just in terms of the cells but
the scaffold composition and hypoxic regions to get a better
picture of the effects of drugs on cancer cells. These platforms,
although in very nascent stages, are extremely useful for
studying the fundamental aspects of a disease and its progres-
sion, along with applications in screening both mutagens and
anti-cancer compounds for developing new therapeutics.8 The
use of a synthetic 3D environment to preserve the function and
characteristics of primary cells is now a well-established
concept.9–11

3D scaffolds can provide a complex multi-cellular environ-
ment found in vivo and recapitulate the native cellular micro-
environment by providing support for such spatiotemporal
control of biochemical and mechanical cues.10 There has been
signicant progress in the development of an effective 3D cell
culture system. Much effort has been put by researchers in
understanding the material and biological requirements for
developing such 3D micro-environments. However, the 3D
platforms established to date lack control over size and shape
and have a higher generation time, i.e., approximately more
than 2 weeks. This makes it difficult to use 3D platforms to
study the effect of transient alterations occurring in the cancer
cells.12 Formation of spheroids lacks tumor architectural
complexity, and lacks reproducibility as they are not of uniform
sizes, as well as are not high-throughput in nature.13 3D models
have been explored immensely in relation to creating in vitro
platforms for studying cancer and it will be interesting if there is
a platform to study these unstable modications occurring in
these cells which have a duration of only 72–96 hours. Cancer is
a complex disease caused by either gain of function of an
oncogene or loss of function of a tumor suppressor gene, which
leads to uncontrolled growth and proliferation of cells.14

Metastasis is one of the hallmarks of cancer described by
Hanahan and Weinberg. The epithelial–mesenchymal transi-
tion (EMT) is a primary cause of transformation of a benign
tumor to a metastatic one, leading to cancer.15,16 According to
various studies epithelial–mesenchymal transition (EMT) has
been linked to the invasion and spread of cancerous tumours.
Through numerous post translational modications or systems,
various proteins are shown to be altered and dysregulated
during EMT.17 In eukaryotes, the ubiquitin-proteasome system
(UPS) is essential for the breakdown of proteins. This system
comprises one of the processes, i.e., ubiquitination in which the
ubiquitin moiety is attached to the target protein, which further
5462 | RSC Adv., 2024, 14, 5461–5471
undergoes degradation.18 Ubiquitination of a protein as a post-
translational modication is a highly conserved and reversible
process, which regulates the fate of various proteins associated
in different pathways.19 This process of ubiquitination is
reversed by another process called deubiquitination, which is
carried out by deubiquitinating enzymes (DUBs). DUBs can
reverse these effects by cleaving the peptide or isopeptide bond
between ubiquitin and its substrate protein.20 Dysregulation of
DUBs is frequently associated with the tumorigenesis process
such as self-renewal, apoptosis and EMT. Functioning and
molecular role of various DUBs in different cancers have been
shown already in various studies. They are one of the essential
proteins to regulate stem cell associated markers, and control
various aspects of metastatic progression.21 One of the DUBs is
USP37, which is a member of the largest sub-family of DUBs,
which stabilizes multiple oncoproteins, and also is found to be
elevated in different cancers.21 Human USP37, localized mainly
in the cytoplasm, is composed of 979 amino acids, and is known
to be involved in stabilizing proteins involved in cell cycle
progression and proliferation. USP37 also stabilizes various
downstream targets such as SNAI, SNAIL involved inmetastasis.
Various in vitro and in vivo models and experiments are used to
demonstrate how USP37 regulates various processes like cell
cycle regulation, oncogenesis and metastasis.22 Unfortunately,
most of the in vitro studies demonstrating the role of USP37 and
the importance of similar oncogenes rely on 2D culture plat-
forms. 3Dmodels where these studies can be carried out are not
practical as they usually require at least 2–3 weeks of prepping
time for the platform before the studies can be initiated. This
prolonged timeline poses a stability challenge when transient
gene silencing is involved and the results might vary from real
world scenarios.

Owing to the importance of studying the role of deubi-
quitinating enzymes in cancer cell proliferation and migra-
tion, herein, we report a 3D in vitro culture platform for
understanding the effect of downregulation of a novel onco-
gene USP37 on cellular proliferation in cancer. The platform
is a simple alginate–gelatin based 3D scaffold with nanop-
robes (carbon dots) that can sense pH changes in the micro-
environment, which further allows us to monitor cell prolif-
eration in real time without any end-point assays, thus
enabling longer period studies without disturbing the culture
system.23,24 Our platform enables us to validate if USP37 can
be used as a potential target for developing newer therapies by
using this indigenously developed 3D cell culture model,
which will help in recapitulating in vivo conditions. We per-
formed the studies rst in 2D culture and compared the
observations in our 3D model to evaluate the prociency of
this system. Potential inhibitors of USP37 are still not known,
and we believe this study not only establishes the indige-
nously developed 3D culture platform as a sensitive in vitro
model for understanding processes and biological
phenomena like cancer cell proliferation in cancer but will
also provide useful insight into establishing USP37 as an
exciting target for controlling metastasis in carcinoma cells as
its depletion inhibits cancer cell migration.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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2. Materials and methods
2.1 Cell lines

Ovarian cancer cell lines IGROV-1 and PA-1 were all obtained
from The National Centre for Cell Science, Pune, India. MCF-
10A cell lines were obtained from Elabscience and routinely
tested for mycoplasma.

2.2 Reagents and materials

PA-1 was cultured in Eagle's Minimum Essential Medium
(EMEM; Gibco, Thermo Fisher Scientic) supplemented with
10% FBS (Gibco, Thermo Fisher Scientic) and 1% Pen/Strep
(GIBCO) and IGROV-1 cells were cultured in Dulbecco's modi-
ed Eagle's medium (DMEM; Gibco, Thermo Fisher Scientic)
supplemented with 10% FBS (Gibco, Thermo Fisher Scientic)
and 1% PenStrep (GIBCO). MCF10A cells were cultured in
DMEM/F12(EP-CM-L0113) +5% HS + 20 ng ml−1 EGF + 0.5 mg
ml−1 hydrocortisone + 10 mg ml−1 insulin + 1% NEAA(EP-CM-
L0463) + 1% Pen/Strep (GIBCO). All cells were incubated at
37 °C and 5% CO2.

2.3 RNA-isolation and quantitative real-time PCR (qRT-PCR)

Total RNA was extracted using the Trizol method and reverse
transcribed into cDNA using Verso cDNA Synthesis Kit
(AB1453A). Real-time PCR was performed on a LightCycler 480
(Roche) with the LightCycler® 480 SYBR Green I Master. The
2−DDCT method was used for relative quantication. Beta actin
RNA was used for data normalization. All primer sequences of
qRT-PCR are listed in Table 1 in ESI.†

2.4 Transfections and treatments

siRNA transfections were performed using Lipofectamine
RNAiMAX (ThermoFisher) according to the manufacturer's
protocol. The sequences of siRNAs used in this study are as
follows. Two sequences of siRNAs have been used in the current
study: one is Mission Si RNA USP37 (Sigma Aldrich) with the
target sequence.

TGAGGTTCAGCACTCCATCATTTGTAAAGCATGTGGAGAGA
TTATCCCCAAAAGAGAACAGTTTAATGACCTCTCTATTGACCTT
CCTCGTAGGAAAAAACCACTCCCTCCTCGTTCAATTCAAGATTC
TCTTGATCTTTTCTTTAGGGCCGAAGAACTGGAGTATTCTTGTG
AGAAGTGTGGTGGGAAGTGTGCTCTTGTCAGGCACAAATTTAA
CAGGCTTCCTAGGGTCCTCATTCTCCATTTGAAACGATATAGCT
TCAATGTGGCTCTCTCGCTTAACAATAAGATTGGGCAGCAAGTC
ATCATTCCAAGATACCTGACCCTGTCATCTCATTGCACTGAAAA
TACAAAACCACCTTTTACCCTTGGTTGGAGTGCACATATGGCAA
TTTCTAGACCATTGAAAGCCTCTCAAATGGTGAATTCCTGCA.

Another sequence of siRNA against USP37, i.e., USP37 siRNA
(sc-76845) and control scrambled SiRNA.

2.5 Immunoblotting

Cellular extracts were prepared in EBC buffer (50 mM tris
(pH8.0)), 120 mM NaCl, 0.5% Nonidet P-40, 1 mM DTT and
protease and phosphatase inhibitor tablets (ThermoFisher).
Protein concentration was quantied by Pierce BCA assay
© 2024 The Author(s). Published by the Royal Society of Chemistry
(ThermoFisher) and samples were prepared by boiling in
Laemmli buffer for 5 minutes. Equal amounts of whole cell
lysates were resolved by hand-cast SDS-PAGE, and transferred to
PVDF membranes (Millipore). All blocking and primary anti-
body steps were performed in 5% BSA diluted in TBST (137 mM
NaCl, 2.7 mM KCl, 25 mM tris pH 7.4, 1% Tween-20). All
primary antibody incubations were performed with shaking at
4 °C overnight. Aer transfer of the separated proteins to PVDF
membranes, the membranes were probed with the following
primary antibodies: USP37 (at dilution 1 : 1000; from Elabs-
cience) and b-actin (at 1 : 10 000; from Sigma, MO, USA). Aer
overnight incubation, the membranes were extensively washed,
and then were incubated with either secondary goat anti-
mouse/rabbit HRP-conjugated antibodies purchased from Cell
Signalling Technology. Separated protein bands were visualized
using a chemiluminescence HRP substrate (BioRad, CA, USA),
and the membranes were imaged and analysed using the
ChemiDoc™ imaging system from Bio-Rad (CA, USA).

2.6 Scratch assay

IGROV-1 and PA-1 cells were transfected with the si-USP37
(Santa Cruz, USA) at different concentrations for 48 hours and
aer that the cells were cultured in fresh culture media (DMEM
with 10% FBS) to full conuence. Aer that, a wound was
created using a 200 mLmicropipette tip on the 6-well plate. Aer
creating the scratch, the wells were washed with PBS to remove
the non-adherent cells, the medium was then replaced with
fresh culture media and incubated at 37 °C for 48 h. Then, the
cells were washed twice with PBS and the wound was observed
under a microscope (Leica DM6 Microscope, Wetzlar, Ger-
many). Pictures were taken at the start of the experiment (0 h)
and 24 hours later (24 h) and 48 hours later (48 h). Pictures of
representative experiments are shown and the mean ± SD are
illustrated in the graphs. The data was analysed using ImageJ
soware (National Institutes of Health, US).

2.7 Colony formation assay

PA-1 cells were transfected with si-USP37 using Lipofectamine
RNAiMAX (ThermoFisher). Then, they were collected and 500 cells
per well were seeded in 6 well plates. Cells were allowed to grow
for one week, until the colonies could be observed. The colonies
were xed with 3.7% formaldehyde for 30 min and stained with
0.4% crystal violet. Cells were washed with PBS to remove excess
dye. The plate was le to air dry and the colonies were counted
using ImageJ soware (National Institutes of Health, US).

2.8 Electrospray of alginate–gelatin microgels

Sodium alginate and gelatin were weighed and UV sterilized
inside a laminar hood. The powder mix was allowed to dissolve
in autoclaved PBS on a stirrer. The equipment was placed inside
a biosafety cabinet. The solution was then allowed to pass
through a 24 g needle under an open electric eld at a ow rate
of 40 ml h−1. The uid fragmented into microdroplets and was
sprayed onto a gelling bath containing 100 mM calcium chlo-
ride solution to instantly crosslink alginate. The drops were
then incubated at 37 °C for 15–20 minutes for gelation of
RSC Adv., 2024, 14, 5461–5471 | 5463

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra08786g


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
Fe

br
ua

ry
 2

02
4.

 D
ow

nl
oa

de
d 

on
 4

/8
/2

02
6 

3:
12

:0
4 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
microgels. The microgels were given an HBSS wash and incu-
bated in complete media (DMEM with FBS) at 37 °C with 5%
CO2 for further studies.
2.9 Cell encapsulation in microgels

Cells were trypsinized and a cell count of 106 cells per ml was
suspended in the alginate–collagen solution as per the
requirement of the experiment. They were then mixed with the
solution. The solution was pipetted up and down to achieve
a uniform suspension. The uniformly suspended solution was
then loaded to the coaxial needle with the help of a pressure
monitoring line (150 cm, 1.4 ml) and dropped into the 0.1 M
CaCl2 bath. The micro-scaffolds containing the encapsulated
cells formed in the gelling solution were washed with HBSS
containing antibiotic antimycotic solution twice and suspended
in DMEMmedia. They were stored in an incubator with 5% CO2

at 37 °C for further culture.
2.10 Cell proliferation studies

Proliferation of the encapsulated cells, the ovarian teratocarci-
noma cell line PA I, wasmonitored by twomethods. One was the
standard protocol of monitoring the metabolic activity of the
cells using Alamar Blue over a period of time and the second
method was to monitor the change in pH using pH sensitive
carbon dots. The cell proliferation was studied before (control)
and aer transfection with siRNA.

2.10.1 Live dead staining assay. The viability of encapsu-
lated cells (106 cells per ml) in the core was assessed by live dead
staining. Aer culturing the gels in the media, they were taken
out at different time points (days 1, 3 and 5) and the gels were
stained by addition of DMEM containing calcein AM (2 mM) and
propidium iodide (2 mM). Themicrogels were incubated at 37 °C
for 20 minutes. They were washed with HBSS to remove any
residual stain. Gels were then observed under an Olympus IX 73
uorescence microscope to evaluate the viability of the cells.
The FITC lter was used for calcein AM and TRITC lter was
used for propidium iodide imaging.

2.10.2 Alamar Blue assay. Alamar Blue (1 mg ml−1) was
dissolved in HBSS, ltered through a 0.2 mm lter and diluted 10
times in complete media (DMEMwith FBS) with CaCl2 (5 mM) for
use. An equal number of cells containing microgels were kept in
triplicate in a 24 well plate and incubated with complete media.
The diluted Alamar Blue was added to the gels (300 mL per well)
and incubated at 37 °C. Aer, 1 hour, 100 mL was taken in
duplicate in a 96 well black plate for all the 3 wells and uores-
cence emission at 590 nmwas evaluated with excitation at 560 nm
using a microplate reader. The microgels were then washed twice
with HBSS followed by complete media. Fresh media were added
to the gels and they were incubated in the CO2 incubator for
further time points over the period of the experiment. Alamar Blue
diluted with complete media served as the negative control. The
uorescence intensities for the Alamar Blue study of the samples
were normalized with the negative control. The experiment was
carried out three times and each sample was taken in duplicate
for the assay.
5464 | RSC Adv., 2024, 14, 5461–5471
2.10.3 Growth curve by monitoring the change in pH. 1%
(w/v) alginate and 3% (w/v) gelatin powder were dissolved in
0.5 mg ml−1 carbon dot solution. The cell suspension was
added to this core solution, to form a core encapsulating the
cells along with the carbon dots. The core shell microgels
obtained were then incubated in HBSS with antibacterial
antimycotic solution and 10% FBS, to prevent any buffering
activity in the CO2 incubator. An equal number of gels in
duplicate were taken in a 96 well plate, and the emission
intensity at 450 nm and 550 nm with excitation at 365 nm and
500 nm, respectively, was recorded. The experiment was
carried out three times and each sample was taken in dupli-
cate for the assay.
2.11 Gene expression study

The encapsulated cells from the alginate gelatin microgels
were extracted using RNAse free 55 mM sodium citrate solu-
tion. Total RNA from extracted cells was isolated using the
TRIzol method following the manufacturer's protocol. RNA (1
mg per 20 mL reaction volume) was reverse transcribed into
cDNA using iScriptTM cDNA Synthesis Kit according to the
manufacturer's instructions. Gene expression was measured
using real-time quantitative PCR on a CFX96TM real-time
PCR detection system (Bio Rad). PCR was performed using
SsoFastTM Eva Green® Supermix according to the manufac-
turer's specications. The gene expression was normalized to
GAPDH as the internal control gene for EMT genes and
USP37. The expressions determined from reactions run in
triplicate on the same plate. For each gene, fold change
relative to the control (cells grown on the tissue culture plate)
was calculated using the DDCt method. Error bars represent
the SD of the DDCt values.
2.12 Immunouorescence staining

Untreated and treated cells were allowed to grow inside the
microgels for 24 hours and 48 hours. The microgels were then
washed with HBSS and xed in 4% PFA in HBSS for 2 hours at
room temperature or overnight at 4 °C. microgels were
washed 3 times (8 min each) with HBSS, then permeabilized
with 0.1% (v/v) Triton X-100 for 2 hours and washed 3 times
with HBSS. Aer incubating them for 2 hours at room
temperature or overnight at 4 °C with blocking buffer (10%
FBS in HBSS), the primary antibody diluted in blocking buffer
was added (USP37 1 : 100 dilution, N-cadherin 1 : 100 dilu-
tion, and E-cadherin 1 : 00 dilution) and incubated overnight
at 4 °C. The samples were washed 3 times (8 min each) with
HBSS + CaCl2 solution. The anti-mouse Alexa Fluor 594 tagged
secondary antibody (1 : 100) diluted in blocking buffer was
incubated for 2 hours at room temperature, and then washed
thrice (8 min each) with HBSS + CaCl2 solution. 1 mg ml−1

DAPI diluted in blocking buffer was added and kept for 15
minutes and then washed thrice with washing buffer.
Samples were observed using a Carl Zeiss Axio Observer
microscope with a 10× objective and an Olympus Fluo-
viewFV1000 confocal microscope with a 20×/40× objective.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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3. Results and discussion
3.1 Elevated USP37 levels in different cancers correlate with
poor prognosis in gynecologic cancers

Various biomarkers were identied to be dysregulated in
different cancers. Already many studies have shown that
modications at both transcriptional as well as translational
levels regulate the expression of various factors involved in
different pathways of cancers. Deubiquitylation, one of the
most common modications, carried out by deubiquitinating
enzymes (DUBs) plays an important role in cancer progres-
sion.25 USP37 is an important member of the DUB family,
which is found to be elevated in different cancers and is known
for regulating various cellular processes like cell cycle regula-
tion, oncogenesis and tumor progression. Interestingly,
a TCGA based mRNA expression analysis of USP37 using
GEPIA-2, an online database, indicates that the expression of
USP37 in different cancers is elevated, and might be respon-
sible for tumor progression and metastasis (Fig. 1A). It is also
reported that the expression of USP37 found to be elevated in
different cancers has a prominent effect on the overall and
progression free survival of different cancers.22 Intrigued by
these reports, we analyzed the correlation between the
expressions of USP37 and overall survival, through GEPIA-2
and it was observed that indeed high expression of USP37
results in poor prognosis of different cancers, for example,
gynecologic cancer like cervical cancer and ovarian cancer
(Fig. 1). Thus, the literature survey and also TCGA database
analyses signify that USP37 is upregulated in different types of
cancers and the role of USP37 in modifying the EMT by
stabilizing the EMT modier SNAIL has been reported. Hence,
we hypothesized that downregulation of USP37 will reduce the
growth and migratory potential of the cancer cells.

Different studies have suggested that USP37 expression is
signicantly high in different cancers and it possibly func-
tions as an oncogene. USP37 modulates the expression of
various oncogenes and factors involved in cell cycle progres-
sion.22 The role of USP37 in ovarian cancer has not been
studied to date, so to further investigate the correlation of
USP37, and to study if it is responsible for the transformation
of different cells, we performed a comparative expression
analysis of USP37 at both transcriptional and translational
levels between a normal non-transformed epithelial cell line
(MCF-10a)26 and different ovarian cancer cell lines, i.e.,
IGROV-1 and PA-1(Fig. 1C and D). In USP37 comparative
expression at the RNA as well as at the protein level (Fig. 1C–E)
between non-transformed (MCF-10A) and transformed
ovarian cancer cell lines (IGROV-1 and PA-1), we observed that
USP37 expression is signicantly higher in transformed cell
lines (IGROV-1 and PA-1), which indicates that elevated USP37
might be responsible for the transformation. This high
expression of USP37 in transformed or cancerous cell lines as
compared to the normal epithelial cell line suggests that this
high expression might be responsible for the alteration of
different factors regulating various pathways in tumor
progression in ovarian cancer cell lines.
© 2024 The Author(s). Published by the Royal Society of Chemistry
3.2 Inhibition of USP37 results in the reduced survival of
ovarian cancer cells

In particular, USP37 is the least studied member of the ubiq-
uitin specic peptidase (USP) family. In different cancers it
stabilises the expression of various oncogenes such as Myc in
lung cancer, which has a prominent effect on proliferation and
Warburg effect. Other than that, USP37 also stabilizes onco-
proteins, i.e., PLZF-RARA, 14-3-3-g, and Chk-1 in different
cancers and regulates cell growth and survival.27 To demon-
strate the role of USP37 in cell's proliferative potential, we
performed colony formation assay aer inhibition of USP37
under optimized conditions in the ovarian cancer PA-1 cell line.
We found that the proliferation rate is decreased aer inhibi-
tion of USP37 using siRNA against USP37 as observed in Fig. 2A
and B. USP37 is considerably upregulated in different cancers as
discussed previously and the expression of USP37 in different
cancers potentially plays a key role in the tolerance of replica-
tion stress by stabilizing key replicative factors and cell cycle
modulators. As its expression uctuates according to different
stages of the cell cycle and leads to modulation of different
factors involved in cell growth and proliferation, its study in
vitro becomes even more challenging. Other studies in the
literature have also suggested similar observations that USP37
acts as an oncogene and alters the DNA replication dynamics
and cell survival via a DNA damage mechanism. Our experi-
ments and literature reports suggest that aer inhibiting USP37
various other factors regulating cell proliferation and replica-
tion are also downregulated, which results in decreased prolif-
eration rate, which can be analyzed by the reduced colony
formation ability of the cells,22 which is a standard 2D assay to
analyze the survival potential of cells in response to replicative
stress. USP37 acts as a key modulator of factors involved in
proliferation, migration, and invasion. Various studies suggest
that USP37 modulates the expression of different markers like
SNAIL, N-cadherin, and vimentin, in different cancers and its
upregulation promotes EMT, migration, and invasion28. USP37
also participates in the sonic hedgehog (SHH) pathway and the
stability of GLI1 protein and promotes EMT.19 To further
corroborate the role of USP37 in migration we performed colony
formation assay with PA-I cells, followed by the scratch assay in
IGROV-1 and PA-1 cell lines aer inhibition of USP37, which are
the standard 2D assays to study cellular migration. Our results
indicated that inhibition of USP37 decreases the migratory
potential of cells as compared to control cells and even aer 48
hours no signicant migration was observed and the scratch
was not lled in both PA 1 and IGROV-1 cells in which USP37
was depleted (Fig. 2C and D).
3.3 Inhibition of USP37 and its effects on different EMT
markers

The downregulation of USP37 expression was also observed by
immunouorescence studies. As shown in the USP37 panel of
Fig. 3A and B, a reduction in the USP37 expression can be
observed in both PA-I and IGROV cell lines. There is a slight
decrease observed in the N-cadherin levels in both the cell lines
aer siRNA treatment. In the case of E-cadherin there is a slight
RSC Adv., 2024, 14, 5461–5471 | 5465
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Fig. 1 (A) Comparative expression analysis of USP37 in different cancers. The red boxplot indicates the tumor group. The grey boxplot indicates
the normal group. Source: TCGA and GTEx data. (B) Survival analysis of patients with respect to USP37 expression in different gynecologic
cancers (CESC and OV). (C) Comparative expression of USP37 in various cell lines. Relative mRNA expression of USP37 in ovarian cancer cell lines
(IGROV-1 and PA-1) compared to the non-transformed cell line (MCF-10A). (D) Relative protein expression of USP37 in ovarian cancer cell lines
(IGROV-1 and PA-1) compared to the non-transformed cell line (MCF-10A). (E) Graphical representation of western blot analysis between non-
transformed (MCF10A) and ovarian cancer cell lines.
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increase in the expression in the siRNA treated cells. This might
be distantly related to the fact that USP37 plays a role in
decrease in proliferation, which promotes epithelial phenotype
(non-migratory) in the cells, thus an increase in the expression
of E-cadherin.
3.4 Cell proliferation study using a 3D cell culture system

Once the effect of downregulating USP37 was conrmed in 2D,
we sought to study the effect in 3D culture, which gives a rela-
tively closer picture of the in vivo systems. A simple micron-
sized (400–500 mm) 3D culture platform for encapsulating
cells was developed using alginate–gelatin based microgels and
studies were performed to establish the effect of down-
regulation of USP37 on the proliferation of ovarian cancer cells.
For monitoring of the growth rate of the cells, pH sensitive
carbon dots, as shown in the HR-TEM image in Fig. S1A,† were
encapsulated along with the cancer cells in the 3D microgels.
Cancer cell lines have the property of decreasing the pH as the
cell population increases. Utilizing this characteristic uores-
cent carbon dots were developed, which have the property of
increasing their uorescence with the decrease in pH, as shown
in the spectra in Fig. S1B,† thus allowing further correlation
with the growth of cells. This positive change in green uores-
cence can be monitored in real-time, without the need for end-
point assays. The structure and porosity of the microgels on day
Fig. 2 (A) Representative image of colony formation capability after the k
of the number of colonies formed in the untreated control and cells w
scratch assay in untreated control cells and cells with the downregulate

© 2024 The Author(s). Published by the Royal Society of Chemistry
1 and day 5 were observed with SEM micrographs, shown in
Fig. S1C and D.† The microgels can also be modied to have
spatially separated heterogeneous population of cells
(Fig. S2A†). For successfully demonstrating a 3D microgel
platform, it should be able to generate hypoxic conditions as the
cells grow, as is present in the native conditions. The hypoxic
conditions developed can be easily observed by our platform
using Image-IT green dye, which uoresces with the decrease in
the O2 concentration. Over a period of 96 hours, we showed that
the hypoxia inside the microgels increases (Fig. S2B†), sug-
gesting the applicability of this platform in studying hypoxia
and also demonstrating that a key hallmark can be achieved in
our microgel platforms. The microgel platform composition
can bemodied according to the requirement of the experiment
or the study. We showed that by altering the composition of the
polymer we can alter the porosity of the matrix and also we can
add different components like collagen to make it more ECM-
like (Fig. S3†).

Aer conrming the tenability in terms of matrix composi-
tion, architecture and crosslinking, the microgels were used to
study the effect of USP37 downregulation in 3D. It was observed
that the observations made in 2D can be replicated in 3D and
that indeed there is a decrease in proliferation rate, once USP37
is downregulated. Interestingly, the effect was not sustainable
aer day 5, as the cells were transiently transfected for down-
regulating USP37. The growth curve of ovarian (PA I) cancer cell
nockdown of USP37 using siRNA in the PA-1 cell line. (B) Quantification
ith downregulated USP37. Brightfield microscopic image showing the
d USP37 gene in (C) PA-1 and (D) IGROV-1 cell lines.
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lines was monitored via the standard Alamar Blue assay, and by
monitoring the pH changes in themicroenvironment due to cell
growth by the pH sensitive carbon dots. The pH sensitive carbon
dots have two uorescence emission peaks, one at 450 nm
(blue) and another at 550 nm (green). The peak at 550 nm
increases with the decrease in pH, whereas the peak at 450 nm
stays constant. The ratio of uorescence intensities of green vs.
blue can indicate the pH changes and specically lowering of
pH over time. Since the blue uorescence is unaffected by pH
changes it acts as an internal reference and any changes in the
uorescence intensity can signal the aggregation or other
surface changes in the carbon dots due to the biological milieu.
The ratiometric sensing thus allows for monitoring the pH
changes specically where the cells are growing. A monitoring
of green vs. blue uorescence intensity changes over time can
Fig. 4 (A) Cellular growth curves. The change in pH was plotted as a ratio
cell lines over five days. For comparison cell growth was also quantified u
The growth curves for the ovarian cancer cell line PA I under two con
sensitive carbon dots and the Alamar Blue assay. (B) Fluorescent microgr
downregulated USP37, over a period of 5 days (scale bar for fluorescent

Fig. 3 (A and B) Fluorescence micrographs of the cells grown in tissu
(yellow) and DAPI (blue). The images were captured at 20× magnification

5468 | RSC Adv., 2024, 14, 5461–5471
give the growth curves in this closed system as the pH decrease
can be directly correlated with cellular proliferation in the
absence of any other pH changing processes. As we can see from
Fig. 4A the cells transfected with siRNA show a slower growth
rate as compared to the control cells. This observation was
made by reading the growth curves by both the techniques.
Along with determining the growth curves, the encapsulated
cells were also monitored via cell viability assay. As observed in
Fig. 4B, the growth rate in USP37 downregulated cells is lower as
compared to the control cells observed on day 5.

3.5 Immunouorescence and genetic expression study of
USP37 depletion

The downregulation of USP37 was also observed in the
encapsulated cells by immunouorescence studies. The cells
of emission intensities at 450 nm (blue) and 550 nm (green) for various
sing the Alamar Blue assay and plotted for various cell lines over 5 days.
ditions, control and downregulated USP37, were compared using pH
aphs for the encapsulated PA I cells under two conditions, control and
micrographs: 100 mm).

e culture plates (2D) for USP37 (red), N-cadherin (green), E-cadherin
and were pseudo coloured using ImageJ software (scale bar: 50 mm).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (A and B) Fluorescence micrographs of the cells encapsulated in the 3D microgels observed on day 1 and day 5 for USP37 (red), N-
cadherin (green), E-cadherin (yellow) and DAPI (blue). The images were captured at 20× magnification and were pseudo coloured using the
ImageJ software. (C) The fluorescence intensities were quantified for each image using the ImageJ software, normalized with respective DAPI
and plotted using the GraphPad software. (D) Genetic expression of EMT markers (Snail, E-cadherin and N-cadherin) and USP37 in the ovarian
cancer cell line (PA I) in both 2D and 3D platforms. The graphs plotted are an average of 2 biological replicates and 3 technical replicates. Scale
bar for fluorescent micrographs: 100 mm.
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were stained on day 1 and day 5 and the uorescence inten-
sities were quantied using ImageJ soware (Fig. 5A–C). The
downregulation of USP37 decreased the N-cadherin levels
slightly but no change in the E-cadherin levels was observed.
This expression prole also correlates with the qPCR studies
done in Fig. 5D. Since the microgels can be easily dissolved
and the encapsulated cells can be retrieved aer few days, the
genetic changes, especially the expression of the EMT
markers, over time were explored, as shown in Fig. 5D. The
comparison of the expression was also done with the cells
grown and treated in a 2D platform. The downregulation was
better maintained in 3D microscaffolds. The expression of the
EMT marker genes is also better in 3D as compared to the 2D
platform. In the case of the ovarian cancer cell line, PA-I,
a very slight decrease in the levels of N-cadherin is observed
and almost no change is observed in the expression of E-
cadherin. The levels of USP37 are downregulated
throughout the study from day 1 to day 5. It has been reported
in the literature that USP37 expression plays a role in stabi-
lization of Snail transcription factor. In the gene expression
panel, we can observe that the expression prole of Snail is in
accordance with the expression of USP37. Downregulation of
USP37 also decreases the expression of Snail. This expression
level might indicate that Snail might be one of the direct
© 2024 The Author(s). Published by the Royal Society of Chemistry
targets of USP37 and might be involved in the pathway
effecting the proliferation rate. E-cadherin and N-cadherin
might not be directly affected by its downregulation.
Further, genetic and protein proling might lead to better
understanding of the targets of USP37. Thus, the conclusion
we derived from this study is that USP37 downregulation does
decrease the proliferation rate of the cells and this transient
effect of USP37 could be successfully captured by the 3D cell
culture model.
4. Conclusions

In the present study we explored the function of a novel cancer
therapeutic target USP37, in ovarian cancer cell lines using both
2D and indigenously developed microgel based 3D platforms.
USP37 has been shown to control the stability of a myriad of
oncogenic proteins in different cancers. The majority of work
that has been carried out to study the effect of USP37 is in 2D
cell culture models, which have their own shortcomings
including not mimicking the in vivo conditions. Interestingly,
most of the 3D models that are available are not suited for
performing studies where unstable transient genetic manipu-
lations are carried out as the long time required to prep the
platform makes it practically unfeasible. Addressing this, our
RSC Adv., 2024, 14, 5461–5471 | 5469
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study attempts developing and validating a simple micro-uidic
3D platform that can be created instantly and allows real-time
monitoring of cellular growth without any end-point assays.
Further, the encapsulated cells can be easily recovered aer the
study for a complete analysis by other molecular biology cell
proling techniques. The carbon dot based nanosensors allow
monitoring of the growth curves simply by recording the uo-
rescence from the microgels. Thus any effect of depletion of
USP37 in ovarian cancer cell growth can be monitored and
studied using this indigenously developed 3D cell culture
system. Thus, the alginate–gelatin based carbon dot encapsu-
lated 3D platform reported provides a rapid culture model for
such studies in comparison to other 3D models available
commercially, which requires a prolonged period of growth to
test the efficacy of inhibition of any oncoprotein. Aer estab-
lishing the platform for cellular growth monitoring the effects
observed were validated by comparing the observations to those
obtained from performing the studies in a classical 2D culture
platform. It was observed via colony formation assay that inhi-
bition of USP37 indeed decreased the viability of cells. Further
exploration of its effect on the migration of the cells by the
conventional scratch-wound assay indicated that the inhibition
of USP37 decreased the migratory potential of the cells, indi-
cating that indeed in ovarian cancer cells depletion of USP37
leads to reduced migratory potential. Similar to the observa-
tions in 2D, in the 3D culture platform too, the transient inhi-
bition of USP37 decreased the proliferation rate of the
encapsulated cells; however, the results were more faithfully
mimicking the conditions in vivo. We further explored the
targets of USP37, such as EMT markers, via gene expression
studies. Since the 3D scaffold was crosslinked with alginate, it
allowed us to degrade the scaffold easily and retrieve the
encapsulated cells for further characterization and analysis.
Initial studies have shown that in other cancers USP37 directly
regulates the stability of EMT regulating proteins like SNAIL.
The gene expression studies revealed that EMT markers are
regulated transiently by USP37 due to transient expression of
USP37 and more stable depletion of USP37 will lead to further
deciphering of downstream EMT signalling in ovarian cancer.

Therefore, this study highlights the applicability of this
sensitive 3D culture system used to determine the oncogenic
potential of USP37 by studying the migratory behaviour of these
cells in vivo using this platform. It is envisioned that this system
can be further explored for drug screening of potential inhibi-
tors of USP37 and other oncogenes. This will allow the identi-
cation of new therapeutic approaches for various cancers.
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