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The chemotherapy of retinoblastoma (RB), a malignant ocular childhood disease, is often limited by the development of resistance
against commonly used drugs. We identified inositol polyphosphate 4-phosphatase type II (INPP4B) as a differentially regulated
gene in etoposide-resistant RB cell lines, potentially involved in the development of RB resistances. INPP4B is controversially
discussed as a tumor suppressor and an oncogenic driver in various cancers, but its role in retinoblastoma in general and
chemoresistant RB in particular is yet unknown. In the study presented, we investigated the expression of INPP4B in RB cell lines
and patients and analyzed the effect of INPP4B overexpression on etoposide resistant RB cell growth in vitro and in vivo. INPP4B
mRNA levels were significantly downregulated in RB cells lines compared to the healthy human retina, with even lower expression
levels in etoposide-resistant compared to the sensitive cell lines. Besides, a significant increase in INPP4B expression was observed
in chemotherapy-treated RB tumor patient samples compared to untreated tumors. INPP4B overexpression in etoposide-resistant
RB cells resulted in a significant reduction in cell viability with reduced growth, proliferation, anchorage-independent growth, and
in ovo tumor formation. Caspase-3/7-mediated apoptosis was concomitantly increased, suggesting a tumor suppressive role of
INPP4B in chemoresistant RB cells. No changes in AKT signaling were discernible, but p-SGK3 levels increased following INPP4B
overexpression, indicating a potential regulation of SGK3 signaling in etoposide-resistant RB cells. RN Aseq analysis of INPP4B
overexpressing, etoposide-resistant RB cell lines revealed differentially regulated genes involved in cancer progression, mirroring
observed in vitro and in vivo effects of INPP4B overexpression and strengthening INPP4B’s importance for cell growth control
and tumorigenicity.

against drugs of the commonly used VEC (vincristine,
etoposide, and carboplatin) therapy ultimately lead to re-

Retinoblastoma (RB) is one of the most common malignant
ocular diseases in early childhood worldwide [1, 2]. Various
treatment options provide a patient survival rate of up to
95% [3, 4]. Intra-arterial, intravitreal, or intracameral drug
injections significantly increase eye preservation rates and
reduce systemic chemotherapy [5, 6]. Tumor treatment is,
however, often limited by the massive side effects of the
chemotherapeutics. Besides, the development of resistances

lapses or the emergence of secondary cancers [7]. Thus, new
or adjacent RB therapy strategies are needed.

Our group identified inositol polyphosphate 4-
phosphatase type II (INPP4B) as a downregulated gene in
etoposide-resistant RB cell lines compared to their che-
mosensitive counterparts. Therefore, we assumed that
INPP4B has a pivotal role in the development of RB re-
sistance. A previous study by our group revealed that
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etoposide resistant RBs behave more aggressively than their
chemosensitive counterparts. These cells display increased
proliferation levels and, thus, higher growth kinetics in vitro
and generate significantly more and larger tumors in vivo
[8]. Other studies have already demonstrated that INPP4B is
associated with chemoresistance in acute myeloid leukemia
(AML; [9]) and induces chemosensitivity of human hepa-
tocellular carcinoma cells lines [10].

The structure of INPP4B contains an N-terminal C2 lipid
binding domain, an internal nervy homology 2 (NHR2)
domain, and a C-terminal catalytic phosphatase domain,
and it is one of a plethora of enzymes maintaining ho-
meostasis of phosphoinositides within the cell [11]. A
phosphoinositide (PI) is a membrane-bound inositol lipid
that acts as a docking site for signaling proteins involved in
proliferation, survival, and apoptosis. INPP4B has been
reported as a negative regulator of the phosphatidylinositol
kinase 3 (PI3K)/AKT signaling pathway [12, 13]. PI3K and
phosphatidylinositol phosphate kinase 4 (PIP4K) phos-
phorylate phosphatidylinositol-3 (PI(3)P) and -4 phosphate
(PI(4)P), which subsequently phosphorylate and thereby
activate AKT, a potent driver of tumorigenic cell growth,
which promotes cell proliferation, survival, and migration
([11, 14-16] for review see: [17]). Phosphorylated AKT in
turn activates the signal transduction of other downstream
molecules in the PI3K/AKT signaling pathway [18-20].
Chen et al. demonstrated that INPP4B overexpression in
cervical carcinoma cells inhibits the activation of the PI3K
pathway by suppressing the phosphorylation of AKT as well
as serum and glucocorticoid-regulated kinase-3 (SGK3) [21].
SGK3, another PI3K-dependent serine/threonine kinase,
displays high structural and functional similarities with the
AKT protein [22].

Physiologically, INPP4B is highly expressed in epithelial
cells of the breast and prostate glands, skeletal muscle, heart,
brain, and pancreas [12]. INPP4B knockout (Inpp4b~'~) mice
are viable and have a normal lifespan but develop defects in
bone homeostasis at 8 weeks of age [23]. As INPP4B levels
are significantly decreased in various cancers, it has first been
described as a tumor suppressor gene, e.g., in prostate, basal-
like breast, ovarian, cervical, gallbladder, and gastric cancer
[21, 24-29], as well as thyroid neoplasm [30] and multiple
myeloma [31]. However, several studies have reported an
increased INPP4B expression, e.g., in AML, colon cancer,
and a subset of melanomas [32-34] revealing the paradoxical
role of an oncogene [17, 35].

The tumor suppressive function of INPP4B is most likely
attributable to the negative regulation of PI3K/AKT sig-
naling, whereas its oncogenic function is still unclear, and
promotion of SGK3 signaling, inhibition of phosphatase and
tensin homolog (PTEN)- dependent AKT activation, and
enhancement of DNA repair mechanisms to confer che-
moresistance have been proposed as  potential
mechanisms [17].

Thus, although its function in different human cancers
remains controversial, INPP4B and the mediated PI3K/AKT
downstream signaling pathway seem to play an important
role in tumorigenesis and cancer progression. However, its
biological role in retinoblastoma yet remain undiscovered.
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Thus, in the study presented, we set out to unravel the role of
INPP4B in RB chemoresistance by analyzing INPP4B ex-
pression in etoposide resistant RB cell lines and
chemotherapy-treated RB patient tumors and investigating
the effect of lentiviral INPP4B overexpression on etoposide-
resistant RB cell viability, proliferation, apoptosis,
anchorage-independent growth, and tumor formation
in vitro and in vivo. Besides, we studied the effect of INPP4B
overexpression on the phosphorylation status of the known
downstream signaling targets AKT and SGK3 and identified
novel downstream signaling targets in a RNA sequencing
analysis of INPP4B overexpressing, etoposide-resistant
RB cell lines.

2. Material and Methods

2.1. Human Retina and Retinoblastoma Samples. For our
comparative expression studies, we used tumor samples of
retinoblastoma (RB) patients and postmortem healthy hu-
man retinae. The Ethics Committee of the Medical Faculty of
the University of Duisburg-Essen approved the use of the
above mentioned human samples (ethic approval #06-30214
and #14-5836-BO). Patients’ parents or relatives gave their
written informed consent to use the RB tumor samples.

2.2. Cell Lines and Culture. Dr. H. Stephan kindly provided
the human RB cell line Y79 [36], originally purchased from
the Leibniz Institute DSMZ (German Collection of Mi-
croorganisms and Cell Cultures) as well as the RB cell line
RB355 [37], formerly donated by K. Heise, and the corre-
sponding etoposide-resistant RB cell lines Y79-Etop and
RB355-Etop. The cultivation of the above-mentioned cell
lines as well as the human embryonic kidney cells
(HEK293T) was described in detail previously [38]. No
ethical approval was required for work with the human
cell lines.

2.3. Lentiviral Expression Vector. To generate the INPP4B
overexpression vector (pLenti CMV_INPP4B), the human
INPP4B cDNA sequence was cut from the pEAK-Flag/
INPP4B plasmid (#24324, Addgene, Watertown, MA, USA;
[27]) via Xhol and NotI fast digest restriction enzymes
(Thermo Scientific, Oberhausen, Germany) and ligated into
the Xhol and Notl digested pENTR4 vector (#17424;
Addgene, Watertown, MA, USA; [39]). The gateway LR
clonase II enzyme mix (Invitrogen, Darmstadt, Germany)
was used to finally clone the full-length INPP4B sequence
into the pLENTI_CMV_Puro_Dest vector (#17452; Addg-
ene, Watertown, MA, USA; [39]) following the manufac-
turer’s protocol. The empty pLenti_CMV_Puro_Dest vector
served as a control vector in all INPP4B overexpression
experiments.

2.4. INPP4B Overexpression. We generated lentiviral parti-
cles by transfecting 6 x 10® HEK293 T cells with 6 ug of each
of the following plasmid DNAs, as described in detail
previously [38]): (I) packaging vectors pczVSV-G [40] and
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pCD NL-BH [40], (II) pLenti_ CMV_INPP4B for trans-
duction of etoposide resistant Y79 and RB355 cells, (III)
pLenti_CMV_Puro_Dest as a negative control for all
overexpression experiments or (IV) GFP expression vector
(pCL7EGwo) each together with 45 ug polyethyleneimine
(PEL branched, Sigma-Aldrich, St. Louis, Missouri, USA) in
DMEM medium. The medium was changed to Iscove’s
Modified Dulbecco’s medium (IMDM, Pan-Biotech,
Aidenbach, Germany) with 10% FCS and 1% penicillin/
streptomycin after 24h. 72h later we harvested the viral
supernatants, filtered and cryoconserved them.

For stable transduction, 1x10°0.8x10° RB cells
(RB355/Y79) were seeded in DMEM medium as described
previously [41]. The medium was removed after 24 h, and
cells were transfected with INPP4B virus or control virus
particles, and 5uL polybrene (H9268, Sigma-Aldrich,
Miinchen, Germany) per ml lentivirus were administered.
Twice the volume of the virus particles DMEM medium with
supplements was added after 24 h. Forty-eight hours later we
changed the medium completely and incubated the cells for
another 72 h.

2.5. RNA Extraction and Quantitative Real-Time PCR.
The NucleoSpin RNA II Kit (Macherey & Nagel, Diiren,
Germany) and the miRNeasy Kit (Qiagen, Hilden, Ger-
many) were used for RNA isolations of RB cells. Comple-
mentary DNA for quantitative real-time PCR analyses was
synthesized with the QuantiTect Reverse Transcription Kit
(Qiagen, Hilden, Germany) following the manufacturer’s
protocol. A SYBR™ green PCR assay (Applied Biosystem,
Darmstadt, Germany) and the following specific primers
were used to analyze INPP4B expression (see Table 1).
GAPDH served as an endogenous control.

Real-time PCR reactions were conducted in duplicates in
20uL SYBR™ green PCR Mastermix (Applied Biosystem,
Darmstadt, Germany) using the following program: 50°C for
2 min, 95°C for 2 min, 95°C for 30 sec and 60°C for 1 min (40
cycles), 95°C for 15 sec, 60°C for 30 sec, and 95°C for 15 sec.

For analyses of INPP4B expression in RB patient tumor
samples, Hs01038078_m1 (INPP4B) and Hs03928990_gl
(18 S) TagMan gene expression assays (Invitrogen, Darm-
stadt, Germany) were conducted in duplicate in 20uL
TagMan gene expression master mix (Invitrogen, Darm-
stadt, Germany) using the following program: 50°C for
2min, 95°C for 10 min, 95°C for 15 sec, and 60°C for 1 min
(40  cycles). Reactions were performed using
a QuantStudio™ 3 real-time PCR system (ThermoFisher,
Darmstadt, Germany).

2.6. RNA Seq Analysis. Concentration and quality of RNA
were measured with Qubit (Invitrogen, Waltham, MA,
USA) and Agilent Bioanalyzer DNA HS (Agilent, Santa
Clara, CA, USA). Library preparation was performed with
Lexogens QuantSeq 3’ mRNA-Seq Library Prep Kit FWD
and sequenced on a NextSeq500 (Illumina, San Diego, CA,
USA). Sequences were trimmed with TrimGalore (v.0.6.0
DOI: 10.14806/¢j.17.1.200) and aligned with hisat2 (https://
doi.org/10.1038/s41587-019-0201-4) to hg38. Statistical

TaBLE 1: Primer sequences for the genes analyzed by real-time PCR
analysis. FW: forward primer; RV: reverse primer.

Genes Primer sequences
CAPG-FW 5'-AGGAGCCTGCTGAGATGATC-3'
CAPG-RV 5'-AGCAGTTCAAGGGCAAATGG-3
HCST-FW 5'-GGTCACATCCTCTTCCTGCT-3’
HCST-RV 5/-CATCTTCTTGGGCGGGGC-3'
HYAL3-FW 5'-CTTCCCCAGCATCTACCTCC-3'
HYAL3-RV 5'-CACACCAATGGACTGCACAA-3'
GALP-FW 5'-TGGACCCTCAATAGTGCTGG-3'
GALP-RV 5'-AGCATGCCCAGATCTCCAAT-3'
EMP1-FW 5" - TTCTGTGTCATTGCCCTCCT-3'
EMP1-RV 5'-GACCAGATAGAGAACGCCGA-3’
IFIT2-FW 5'-ACCTGGAACTTGATGGAGGG-3'
IFIT2-RV 5'-AGACCCAGGCATAGTTTCCC-3'

5'-TTCCCCAGAGCAGAAGAAGG-3’
5'-CACTCAGGTCCAGGGTCTTT-3'

PRAMEF27-FW
PRAMEF27-RV

CABP1-FW 5'-GTGGAGCTAATGGGGCCTAA-3'
CABP1-RV 5'-CCTCTATGTCTCGGTGTCCC-3’
TNFSF4-FW 5'-ACCTACATCTGCCTGCACTT-3'
TNFSF4-RV 5'"TGACTGAGTTGTTCTGCACC-3’
PTAFR-FW 5'-GGACAGCAAATTCCACCAGG-3'
PTAFR-RV 5'-AGGGATCTGGTTGAATGGCA-3’
PLK5-FW 5'-ACGACTTCTTCACACAGGGT-3'
PLK5-RV 5'-GGACCCGAGGCCTCTTTAG-3'
INPP4B-FW 5'- CACTGGTGCAGATCTCCGTA -3
INPP4B-RV 5'- CAAAAACAGTGGGTCCCTTG -3’
GAPDH-FW 5'-ACCCACTCCTCCACCTTTGA-3'
GAPDH-RV 5'-CTGTTGCTGTAGCCAAATTCGT-3'

analysis was performed with R (R: A language and envi-
ronment for statistical computing, R foundation for statis-
tical computing, Vienna, Austria, version (v) 4.2.0 2022,
https://www.R-project.org/) using the R-packages DESeq2
(10.1186/s13059-014-0550-8), pheatmap (v 1.0.12; Kolde;
pheatmap: pretty heatmaps), umap (v 0.2.8.0; Konopka;
umap: uniform manifold approximation and projection),
fgsea (10.1101/060012) and EnhancedVolcano (v 1.14.0;
Blighe, Rana, Lewis. EnhancedVolcano: Publication-ready
volcano plots with enhanced colouring and labeling).

2.7. Western Blotting. Protein extraction and concentration
measurements were described previously [42]. The same
amounts of protein extracts were separated on a 10%
SDS-PAGE and transferred onto nitrocellulose membranes.
Membranes were incubated with primary antibodies against
INPP4B (1:500; #PA5-58057; Invitrogen, Darmstadt, Ger-
many), AKT (1:1,000; #4685; Cell Signaling Technology,
Danvers, USA), p-AKT (1:500; #9271; Cell Signaling
Technology, Danvers, USA), SGK (1 : 500; sc-166847; Santa
Cruz, Dallas, USA), p-SGK (1:500; #5642; Cell Signaling
Technology, Danvers, USA), and f-actin (1:1,000; #4967;
Cell Signaling Technology, Danvers, USA) at 4°C overnight.
HRP-conjugated species-specific secondary antibodies
(goat-anti-rabbit; P0448 and rabbit-anti-mouse; P0260;
DAKO, Glostrup, Denmark) were used in dilutions of 1:
10,000 at room temperature for 1hour. The signals were
developed by the use of Western Bright Chemiluminescence
Reagent (Cytiva, Buckinghamshire, UK).
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2.8.  Immunocytochemistry. For  immunofluorescence
staining, 1 x 10° cells were seeded on poly-D-lysine (Sigma)
coated coverslips and processed as described previously [41].
Primary antibody used: cleaved caspase-3 (1:400; Novo
Castra; #9664 5A1E).

2.9. Cell Viability Assays. We determined cell viability by
seeding 4 x 10* cells in 100 L medium in a 96-well plate in
two triplicates. Ten microliters of a water-soluble tetrazo-
lium (WST-1) salt solution (Sigma-Aldrich, Miinchen,
Germany) were added to each well after 72 h of incubation,
and cells were incubated at 37°C for different time points.
Quantification was performed in a microplate reader by
measuring the absorbance at 450 nm.

2.10. Growth Kinetic. For growth kinetic analyses
3x10° cells were seeded in triplicates in a 24-well plate in
500uL DMEM medium (PAN-Biotech, Aidenbach, Ger-
many) with supplements. After trypan blue staining, vital
cells were counted manually every 24h (6 time points: 0h,
24h, 48h, 72h, 96 h, and 168 h) in a Neubauer chamber.

2.11. Cell Proliferation and Apoptosis Detection. Cell pro-
liferation was determined by 5-Bromo-2'-deoxyuridine
(BrdU; Sigma, Hamburg, Germany) incorporation as de-
scribed previously [42].

2.12. Caspase-Glo 3/7 Assay. A caspase-Glo 3/7 assay
(Promega, Madison, WI, USA) was used to analyze the
caspase 3 and 7 cleavage activity after INPP4B over-
expression, following the manufacturer’s instructions.
Therefore, we seeded 9 x10* INPP4B overexpressing and
control cells in 300 uL growth medium supplemented with
2% FBS in a 24-well plate format and incubated them
overnight. After 24 h, cell suspensions were mixed 1:1 with
the caspase-3/7 reagent and seeded in a white 96-well plate
for 2h at room temperature protected from light. Lumi-
nescence was measured with an Orion II microplate
luminometer (Berthold Detection Systems, Pforzheim,
Germany). Measurements were performed three times in
five replicates.

2.13. Colony Formation Soft Agarose Assay. Colony forma-
tion capacity was determined in soft agarose assays by
suspending 5x10° INPP4B overexpressing and control
RB cells in 2ml DMEM/F12 medium (Sigma-Aldrich,
Miinchen, Germany) supplemented with 10% fetal bovine
serum, 100y penicillin/ml and 100 ug streptomycin/ml,
4mM L-glutamine, 50uM p-mercaptoethanol, 10ug in-
sulin/ml, and 0.7% agarose (Roth, Karlsruhe, Germany). Cell
suspensions were layered on 2ml 1% agarose as described
previously [42] and maintained over a period of 3 weeks.
Colony formation was quantified after 3 weeks of in-
cubation, and assays were repeated three times. We de-
termined the number of colonies for each cell line by
counting colonies in eight visual fields at a 10x magnification
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in triplicates. A Nikon Eclipse TS2 microscope with a digital
camera and IC measure 1.0 software (Nikon, Diisseldorf,
Germany) was used to determine colony size and eight
colonies per well were surveyed.

2.14. CAM Assays. The effects of INPP4B overexpression on
tumor formation and migration capacity in vivo were
studied in the chicken chorioallantoic membrane (CAM)
assay. INPP4B overexpressing RB cells and control cells were
inoculated on the CAM on embryonic development day
(EDD) 10 mainly following the protocols published by
[43, 44]. Ten eggs were inoculated with 1x 10°cells sus-
pended in 50 uL PBS in at least three independent experi-
ments. At EDD17, grown tumors were excised, measured,
weighted, and photographed as described previously [38].
Besides, GFP-labelled etoposide resistant Y79 and RB355
control and INPP4B overexpressing cells were injected into
a CAM vene at EDD12 as described previously by our group
[38]. Five days after injection, we sacrificed the chicken
embryos and collected punches of the ventral CAM, op-
posing the injection site. The migrated, GFP-labelled cells
were identified via fluorescence microscopy of the CAM
punches.

Whole amount immunofluorescent staining of CAM
vessels was described previously by our group [45]. A Nikon
ECLIPSE E600 microscope and NIS Elements Imaging
5.20.02 software (Nikon, Diisseldorf, Germany) were used
for imaging.

2.15. Statistical Analysis. We performed all assays at least in
triplicates and used GraphPad Prism 4 for statistical ana-
lyses. The data represent means + SEM of three independent
experiments from independent RB cell cultures. The results
were analyzed by a Student’s t-test and considered signifi-
cantly different if p value <0.05 (*), p value <0.01 (**), or p
value <0.001 (***). The growth curve statistics were per-
formed using a free web interface https://bioinf.wehi.edu.au/
software/compareCurves/, which uses the “compare growth
curves” function from a statistical modeling package called
statmod, available from the “R Project for Statistical
Computing:” https://www.r-project.org, previously de-
scribed elsewhere [46].

3. Results

3.1. INPP4B Is Differentially Expressed in Retinoblastoma Cell
Lines and RB Patient Samples. We analyzed the expression of
INPP4B in parental, chemosensitive as well as etoposide-
resistant Y79 RB suspension cells and in the adherent RB cell
line RB355. Compared to the healthy human retina, on RNA
level INPP4B was significantly downregulated in all RB cells
lines investigated, with even lower expression levels in
etoposide resistant compared to sensitive cell lines
(Figure 1(a)). At the protein level, Western blot analysis
confirmed a significantly lower INPP4B expression for
etoposide-resistant RB355 cells compared to their chemo-
sensitive counterparts (Figures 1(b) and 1(c)). In addition,
a significant increase in INPP4B expression was observed in


https://bioinf.wehi.edu.au/software/compareCurves/
https://bioinf.wehi.edu.au/software/compareCurves/
https://www.r-project.org

Journal of Oncology 5
. 1.05
< hﬁ"v‘- INPP4B
< 0.85 —
§ X% t.
g 0.65 — — — — | [-actin
=4
5 X%
p 0.45 — ns T hRet Y79 Y79-Etop  RB355 RB355-Etop
2 025 -
g
[a
4] *3%%
E - k%
g 002 -
i)
& 001 -
=
Y *%%
~0.00 —
k3 2 5 i &
g =& S &
N I~ h
= @
- 3
~
(a) (b)
9.0 —
1.25 — ns >
) )
— 7.0
] a Py
3 1.00 g
b= 8 % 5.0 [ J
2 =~
= 5 @
% 0.75 — a2 30
g Sl
o * A=
5 Z g g
& 050 ~ £ 10 L
< =]
£ £2 10
Z = o
o 0.25 — [ )
£ 0.5 ®
=
3 Jeees o YeSy
0.00 0.0
2 o i & untreated treated
= £ 2 £
o < h
& @
> /M
~

(©

(d)

FIGURE 1: INPP4B expression in different retinoblastoma cell lines and primary RB patient tumors. The INPP4B expression in the healthy
human retina (hRet) and chemosensitive as well as etoposide resistant (Etop) Y79 and RB355 retinoblastoma cell lines as revealed by
quantitative real-time PCR (a) and western blot analyses (b). S-Actin served as a loading control in (c) quantification of INPP4B protein
expression in chemosensitive compared to etoposide resistant (Etop) Y79 and RB355 retinoblastoma cell lines. (d) INPP4B expression levels
in primary RB patient tumors after treatment with chemotherapeutics (n =10) and without treatment (n=11). INPP4B expression values
relative to expression in the healthy human retina and normalized to the expression of ribosomal 18S, used as an internal control. All
experiments were performed at least in triplicate, and results were depicted with a standard error of the mean (SEM). A student’s t-test was
used to calculate statistical differences (ns p>0.05; *p <0.05; ** p<0.01; *** p <0.001) between control and experimental groups.

chemotherapy-treated RB tumor patient samples compared
to untreated specimen (Figure 1(d)). The reduced expression
in chemoresistant RB cells combined with increased ex-
pression levels in tumors of chemotherapy-treated RB pa-
tients potentially indicate an important role of INPP4B in
the development of RB chemoresistance.

3.2. INPP4B Overexpression Reduces Cell Viability, Pro-
liferation, and Growth of Etoposide Resistant Y79 and RB355
RB Cell Lines. We performed lentiviral INPP4B over-
expression experiments in the etoposide resistant RB cell lines

Y79 and RB355, both exhibiting significantly decreased
INPP4B expression levels compared to the healthy human
retina (Figures 1(a) and 1(b)). An efficient INPP4B over-
expression was confirmed by quantitative Real-time PCR
(Figure 2(a)) and Western blot analysis (Figures 2(b) and 2(c)).

Compared to chemosensitive control cells, the INPP4B
overexpressing etoposide-resistant RB cell lines investigated
exhibited significantly decreased growth, lower cell viability,
and decreased cell proliferation rates in RB355-Etop cells
(Figure 3) as revealed by growth curve analyses (Figures 3(a)
and 3(b)), WST-1 assays (Figure 3(c)) and BrdU cell counts
(Figure 3(d)).
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software was used to calculate the relative intensity ratios. All experiments were performed at least in triplicates and results depicted with
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and experimental groups.

3.3. INPP4B Overexpression Induces Caspase Dependent
Apoptosis in Etoposide Resistant Y79 and RB355 Cell Lines.
As revealed by DAPI cell counts, INPP4B overexpression
resulted in a significant increase in apoptosis levels in etoposide
resistant Y79 as well RB355cell lines (Figure 4(a)). Caspase
assays revealed that INPP4B likewise significantly increased
caspase-3/7 activity in both RB cell lines investigated
(Figure 4(b)). Additional immunocytochemical stains with an
antibody against active, cleaved caspase-3 confirmed an in-
crease in caspase-3 activity, indicated by a higher number of
caspase-3 positive cells in INPP4B overexpressing cells. To-
gether, these data indicate that INPP4B overexpression acti-
vates caspase-3/7 dependent apoptosis signaling.

3.4. INPP4B Overexpression Diminishes Anchorage-
Independent Growth of Etoposide-Resistant Y79 and
RB355 Cell Lines. We next tested INPP4B overexpressing
RB cells for alterations in anchorage-independent growth,
known as the capacity of transformed, carcinogenic cells
to grow without adherence to a solid surface [47]. Soft
agarose assays revealed that both INPP4B overexpressing,
etoposide resistant RB cell lines investigated form sig-
nificantly fewer colonies than their parental, chemo-
sensitive counterparts (Figure 5(a)). Besides, compared to
control cell colonies, INPP4B overexpressing, etoposide
resistant RB355 cell colonies were significantly smaller
(Figures 5(b) and 5(c)).
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FiGure 3: Effects of INPP4B overexpression in etoposide resistant (Etop) Y79 and RB355 cells. INPP4B overexpression (OE) significantly
reduces cell growth of Y79-Etop (a) and RB355-Etop (b) cells with significant reduced cell viability for both RB cell lines and reduced
proliferation level for RB355-Etop cells compared to control cells (ctr), as revealed by growth curves (a, b), WST-1 assays (c), and BrdU
stains (d). All experiments were performed at least in triplicate, and results depicted with a standard error of the mean (SEM). A student’s t-
test was used to calculate statistical differences (ns p >0.05; * p <0.05; ** p <0.01; *** p <0.001) between control and experimental groups.

3.5. INPP4B Overexpression Decreases Tumorigenicity of
Etoposide Resistant RB Cells In Vivo. To investigate whether
INPP4B overexpression influences RB cells’ tumor growth
in vivo, we used the chicken chorioallantoic membrane
(CAM) model.Etoposide-resistant, INPP4B overexpressing
Y79 and RB355 cells and control cells were grafted onto the
CAM of chicken embryos at embryonic day 10. Evaluation
of CAM tumors developing from grafted RB cells
(Figure 6(a)) as well as quantification of tumor weight
(Figure 6(b)) and size (Figure 6(c)) showed that etoposide-
resistant, INPP4B overexpressing RB355 cells developed
significantly smaller tumors (Figures 6(a) and 6(b)) than
control cells and likewise exhibited weight (Figure 6(b)).
Inoculated etoposide resistant, INPP4B overexpressing

Y79 cells did not generate significantly smaller tumors, but
the tumor formation capacity was significantly decreased
compared to chemosensitive control cells (Figure 6(d)).

3.6. INPP4B Overexpression Decreases Migration Potential of
Etoposide-Resistant RB Cells In Vivo. Injection of GFP-
labelled, etoposide-resistant Y79 and RB355cells into an
upper CAM vein led to extravasation of INPP4B over-
expressing RB cells from the injection site into the CAM
environment (Figure 7(a)). The cells migrated to a significant
lesser extent than injected control cells (Figure 7(b)) as
revealed by the quantification of GFP-positive, lower (op-
posite of the injection site) CAM punches. These results
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by DAPI cell counts (a) and caspase 3/7 assays (b). (c) Exemplary immunocytochemical stains of INPP4B overexpressing etoposide resistant
Y79 and RB355 and control cells with an active, cleaved caspase-3 antibody (red fluorescence) and DAPI (blue fluorescence) counter-
staining. White arrowheads indicate capase-3 positive cells. Magnification: 200x. All experiments were performed at least in triplicate and
results were depicted with a standard error of the mean (SEM). A student’s ¢-test was used to calculate statistical differences (*p <0.05;

**p<0.01; ***p<0.001) between control and experimental groups.

reveal that INPP4B overexpression results in a diminished
tumorigenic and migratory potential in vivo.

3.7. INPP4B Overexpression Induces Phosphorylation of SGK3
but Did Not Affect AKT Signaling. AKT, a serine/threonine
kinase, plays an important role in the PI3K signaling
pathway and is known to be negatively regulated by
INPP4B [13]. It has been shown that in cervical carcinoma
cells INPP4B overexpression reduces the phosphorylation
of AKT and SGK3, sharing structural and functional
similarities [21]. Therefore, we investigated AKT, p-AKT,
SGK3, and p-SGK3 expression after INPP4B over-
expression in order to reveal the AKT and/or SGK3

pathways as potential INPP4B signaling mechanisms in
etoposide-resistant RB cells. In both etoposide-resistant
RB cell lines investigated, no significant changes in AKT
levels were discernible following INPP4B overexpression
and p-AKT expression was not consistently altered, being
upregulated as well as downregulated in the respective cells
(Figure 8(a) and Supplementary Figures 1(A) and 1(B).
Total SGK3 levels were decreased, while p-SGK3 levels
increased upon INPP4B overexpression (Figure 8(b)).
Changes did not reach significance (Supplementary
Figures 1(C) and 1(D), however, indicate that INPP4B
potentially triggers the SGK3 signaling pathway in
etoposide-resistant RB cells.
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control and experimental groups.

3.8. INPP4B Dependent Gene Regulation in Etoposide Re-
sistant RB Cell Lines. In order to investigate the molecular
function of INPP4B in RB cells, we analyzed and compared
gene expression profiles of INPP4B overexpressing etopo-
side resistant Y79 and RB355 with the respective control cells
using RNAseq analysis. Volcano plot analysis shows the
distribution of differentially expressed genes (DEGs) after
INPP4B overexpression in Y79-Etop (Figure 9(a)), and
RB355-Etop cells (Figure 9(b)), with INPP4B being iden-
tified as the most upregulated gene in both cell lines.
UMAP analysis after INPP4B overexpression revealed
a clear separation of an INPP4B overexpressing group com-
pared to a control group in both etoposide-resistant RB cell
lines investigated (Figure 10(a)). It became, however, evident,
that the three biological replicates for each cell line themselves
were different, most likely due to inner experimental vari-
abilities (Figure 10(a)). Thus, subsequently, only genes with the
same expression changes in all three biological replicates were

included in further downstream analyses in order to exclude
nonspecific gene expression changes.

To unravel INPP4B responsive genes, the mean of the
three biological replicates was determined for each cell line
and corresponding genes were selected (p<0.05). Addi-
tionally, a minimum fold change (FC) of 1.5 relative to the
controls were used as the criterion for an INPP4B responsive
gene selection (RGS) cut off. A heatmap of the RGS for both
cell lines analyzed is shown in Figures 10(b) and 10(c).

The RGS identified were used to perform pathway en-
richment analysis in order to identify gene-related functions.
DAVID analyses of differentially expressed genes filtered as
RGS revealed four GO-terms with p <0.05. Significantly
related GO-terms were “positive regulation of gene ex-
pression” and “negative regulation of apoptotic signaling
pathway” as well as “cytokine activity” for INPP4B over-
expressing Y79-Etop cells and “cell adhesion” for INPP4B
overexpressing RB355-Etop cells. No significant KEGG
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FIGURE 6: Impact of lentiviral INPP4B upregulation in etoposide resistant RB (etop) cells on tumor formation in CAM assays. (a) The left
photo panel depicts CAM tumors in ovo, and the right panel measuring (in cm) of excised tumors. In vivo CAM assays revealed that tumors
forming from INPP4B overexpressing (OE), etoposide resistant (Etop) Y79, and RB355 cells were smaller than those developing from
control cells (ctr). (b-d) Graphical evaluation of CAM tumor weight (b), size (c), and tumor formation capacity (d). A student’s ¢-test was
used to calculate statistical differences (ns p>0.05 **p <0.01; *** p <0.001) between control and experimental groups.
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FIGURE 8: Western blot analyses of AKT/p-AKT and SGK3/p-SGK3 expression levels after INPP4B overexpression in etoposide resistant
(Etop) RB cell lines. Representative western blots depicting AKT/p-AKT (a) and SGK3/p-SGK3 expression levels (b) after INPP4B
overexpression (OE) in etoposide-resistant Y79 and RB355 cells. f§-actin served as a loading control and micro manager 1.4 software was

used to calculate the relative intensity ratios.

pathway connection could be identified for RGS of both
RB cell lines investigated.

In order to narrow the list of DEGs, we subsequently
reanalyzed the RGS and filtered only genes with a known
gene function, excluding pseudogenes and noncoding
RNAs. Thereupon, the number of genes significantly reg-
ulated after INPP4B overexpression was reduced to 16

upregulated and 8 downregulated genes for Y79-Etop cells
(Table 2) and 25 upregulated and 6 downregulated genes for
RB355-Etop cells (Table 3).

RNAseq data were validated for selected genes by
quantitative real-time PCR, confirming that INPP4B over-
expression causes a significant increase for all genes initially
identified as upregulated (Figures 11(a) and 11(b), red bars).
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FIGURE 9: Volcano plots of differentially expressed genes (DEGs) after INPP4B overexpression in etoposide (Etop) resistant Y79 (a) and
RB355 (b) cells compared to control cells. Downregulated DEGs are depicted in green, upregulated DEGs are depicted in red; nonregulated
genes are depicted in blue. The red circle indicates INPP4B expression.

Besides, a slight yet not significant decrease in expression of
HYAL3 and EMPI in Y79-Etop (Figure 11(a)) and PLK5 in
RB355-Etop cells (Figure 11(b)) could be monitored fol-
lowing INPP4B overexpression. Downregulation of GALP
(Figure 11(a)) and PTAFR (Figure 11(b)) could not be
verified by Real-time PCR.

Our RNAseq data indicated that INPP4B overexpression
in etoposide resistant RB cells led to several gene expression
changes, potentially related to tumor progression. Especially
the connected GO-Term “negative regulation of apoptotic
signaling pathway” correlates well with the effects seen after
INPP4B overexpression. Additionally, a subset of the highly
significant regulated genes may be functionally involved in
INPP4B-mediated effects on apoptosis and cell growth
in vitro and therefore involved in etoposide-resistant RB
tumor progression in vivo.

4. Discussion

INPP4B is a lipid phosphatase known to regulate phos-
phoinositide 3-kinase (PI3K)/AKT signaling. Originally,
INPP4B was described as a tumor suppressor gene in various
cancers, but it is now controversially discussed as an on-
cogenic driver (for review see: [11, 17]). However, increased
INPP4B expression has been reported for several tumor
entities, e.g., AML, melanoma, and colon cancers, suggesting
the oncogenic potential of INPP4B (for review see: [17]).
Physiologically, INPP4B is highly expressed in human
heart and skeletal muscle tissue [12]. Low INPP4B levels have
been reported in various cancers and neoplasms

[21, 24-27, 30], suggesting a tumor suppressor function in
these tumor entities. INPP4B levels are significantly reduced
in human hepatocellular, gastric, and gallbladder carcinoma
[10, 28, 29]. In a most recent study, decreased INPP4B ex-
pression levels were reported for multiple myeloma cell lines
as well as bone marrow plasma of multiple myeloma patients,
and lower INPP4B levels correlated with a poor outcome [31].
Fittingly, in the study presented, we demonstrated that
compared to the healthy human retina INPP4B mRNA ex-
pression levels are significantly decreased in RB cell lines,
indicating a tumor-suppressing role of INPP4B in retino-
blastoma. By contrast, INPP4B levels were upregulated in
gallbladder and pancreatic cancer compared with non-tumor
tissues [29, 48], suggesting an oncogenic role in these tumor
entities. Increased INPP4B expression was likewise reported
in acute myeloid leukemia, colon cancer, and some melanoma
subtypes [32-34] supporting the notion of INPP4B as an
oncogene [17, 35]. Moreover, high INPP4B expression has
been reported in gastric cancer patients with large tumors and
low to undifferentiated metastasis, which is correlated with
a poor prognosis. By contrast, INPP4B expression correlated
with a good prognosis in patient with small tumors in a highly
to moderately differentiated metastasis stage [28]. Further
along this line, primary nonmetastatic colorectal cancer stem-
like cells (CR-CSLCs) display significantly reduced INPP4B
levels, while they are increased in highly metastatic CR-CSLCs
[49]. Based on these data, it has been hypothesized that
INPP4B may have seemingly contradictory functions as an
oncogenic driver or a tumor suppressor depending on the
tumor entity, cancer grade, and clinical stage [29, 49].
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TaBLE 2: Responsive gene selection (RGS) after INPP4B overexpression in etoposide-resistant Y79 cells. Genes with positive fold change
(FC) values represent upregulated genes after INPP4B overexpression, while negative FC values indicate downregulated genes.

Gene symbols Description of upregulated DEGs FC P-value
INPP4B Tumor suppressor; involved in phosphatidylinositol signaling 6.41 0.000
IER3 Protects cells from fas or tumor necrosis factor type alpha induced apoptosis 4.30 0.021
WNTII Implicated in oncogenesis and several developmental processes; member of the 420 0.025
WNT gene family
CAPG Reversibly blocks the barbed g}ds of F-actin filaments in a Ca2+ and 400 0.021
phosphoinositide-regulated manner
RF00424 Small cajal body-specific RNA 16 3.97 0.047
IL32 Encodes a member of the cytokine family 3.87 0.026
HSDI17B2 Enables estradiol 17-l?e.ta-d.ehydrogepase and testosterone dehydrogenase (NAD+) 3.69 0.006
activity; involved in response to retinoic acid
HCST Activates phosphatidylinositol 3—k1na.se dependgnt signaling .pathv‘vays; receptor 3.5 0.037
complex may have a role in cell survival and proliferation
MIR4521 Reduces proliferation and invasion of @edglloblastoma cells; induces programmed 3.5] 0.044
cell death via activation of caspase 3/7
SLC6A4 Encodes an integral membrang protein that transports serotonin from synaptic 3.09 0.034
spaces into presynaptic neurons
LRTM2 Predicted to be involved in axon guidance and negative chemotaxis 2.71 0.035
TMBIMI Negative regulator of extrinsic apoptotic signaling pathway via death domain 240 0.003
receptors
CCDC153 Protein coding; enables identical protein binding activity 2.22 0.036
MYCL Predicted to enable DNA-binding transcription factor activity 212 0.035
FBXO032 Encodes a member of the F-box protein family 1.89 0.030
IGSF5 Predicted to enable PDZ domain binding activity and cell-cell adhesion 1.71 0.047
Gene symbols Description of downregulated DEGs FC P-value
HYAL3 Regulates turnover of h.yalurf)nan, Yvhlch plays a c.rltlcal 1.'ol'e in biological like cell 482 0.004
proliferation, migration and differentiation
ZFR2 Predicted to enable single- and double-stranded RNA binding activity -4.09 0.031
GALP Encodes a member of the galanin family of .neuro—peptldes; may serve as a marker 2396 0.014
for neuroblastic tumors
Cytokine that promotes the differentiation and viability of monocytes and
1L34 . . -3.49 0.040
macrophages through colony-stimulating factor-1 receptor
EMPI Potential biomarker for tumor diagnosis and prognosis of several cancers -3.45 0.045
FDCSP Potential contribution to tumor metastases by promoting cancer cell migration and 29 0.048
invasion
NR4A2 Encoded protein may act as a transcription factor -2.67 0.032
ZNF761 Predicted to enable DNA-binding transcription factor activity -1.46 0.046

It has been demonstrated that overexpression of INPP4B
induces chemosensitivity in human hepatocellular carci-
noma and prostate cancer cells lines [10, 50]. Wang et al.
likewise demonstrated that INPP4B overexpressing multiple
myeloma cells become more sensitive to bortezomib, while
INPP4B knockdown cells became more resistant to borte-
zomib treatment strongly suggesting INPP4B as a key
regulator of chemosensitivity [31]. Accordingly, INPP4B
overexpression inhibited chemoresistance of primary non-
metastatic CR-CSLCs, but increased chemosensitivity in
metastatic CR-CSLCs [49]. In our study, decreased INPP4B
expression levels in etoposide resistant compared to che-
mosensitive RB cell lines and increased levels in
chemotherapy-treated RB patient tumors compared to the
nontreated likewise strongly suggested an impact of INPP4B
on the etiology of etoposide chemoresistance in RB.

In the study presented, INPP4B overexpression reduced
proliferation, viability, and growth of etoposide-resistant
RB cell lines and concomitantly increased caspase-3/7

mediated apoptosis levels, supporting INPP4B's role as
a tumor suppressor in RB cells. Consistent with our data, it
has been demonstrated that INPP4B overexpression inhibits
cervical and human hepatocellular carcinoma (HCC) as well
as multiple myeloma and acute myeloid leukemia, cell
proliferation, and induces caspase-3-mediated apoptosis in
HCC cell lines [10, 21, 31]. Similarly, INPP4B knockdown
increased the proliferation of human basal-like breast cancer
cells [26]. By contrast, INPP4B downregulation reduced
proliferation and increased apoptosis of gastric, pancreatic,
and gallbladder cancer cells, while INPP4B overexpression
leads to opposing effects [28, 29, 48]. Further along this line,
loss of INPP4B significantly inhibited proliferation of
NPM1-mutated OCI-AMLS3 cells [51], and overexpression
of INPP4B enhanced proliferation of melanoma cells and
melanocytes as well as colon cancer cells, in which INPP4B
acts as an oncogenic driver [33, 34].

We demonstrated that INPP4B overexpression reduces
anchorage-independent growth of etoposide-resistant
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TaBLE 3: Responsive gene selection (RGS) after INPP4B overexpression in etoposide resistant RB355 cells. Genes with positive fold change
(FC) value represent upregulated genes after INPP4B overexpression, while negative FC values indicate downregulated genes.

Gene symbols Description of upregulated DEGs FC P-value
INPP4B Tumor suppressor; involved in phosphatidylinositol signaling 6.26 0.000
CNTNAP5 Contactin associated protein family member 5 4.83 0.003
VSIGS V-set and immunoglobulin domain containing 8 4.32 0.027
CD44 Involved in cell—cell.mtel'ractlonsf cell adhesion and migration; receptor for 429 0.018
hyaluronic acid; possibly related to tumor metastasis
PRAMEE27 Predicted to .be involved in negative regt}lgtlon of apoptotic process; negative 423 0.029
regulation of transcription and positive regulation of proliferation
CABPI Regulates calc1um—deper'1dent activity of 1r?051t0% 1,4,5—tr1ph.osphate receptors; 423 0.007
predominantly expressed in retina and brain
GLIPRIL2 Members of this family have rolc?s in a variety of processes, including cancer and 401 0.035
immune defense
GPSM3 Predicted to enable GTPasF: regulfitor activity and to be involved in positive 416 0.026
regulation of inflammatory response
MYHS Encodes a member of the class II or conventional my.osm heavy chains; functions in 397 0.050
skeletal muscle contraction
TRIM49 Contains a RING zinc finger, a motlf kn{)wn to be involved in protein-protein 3.94 0.002
interactions
TRIM49C Predicted to enable ubiquitin protein ligase activity 3.62 0.008
TNFSF4 Encodes a cytokine of the tumor necrosis factor (TNF) ligand family 3.57 0.033
GIF Member of the cobalamin transport protein fajmlly, glycoprotein secreted by parietal 3.56 0.034
cells of the gastric mucosa
ACADL Belongs to the acyl-CoA dehydrogenase family 3.41 0.003
FGD5 Predicted to enable guanyl—nucleogdg excha.nge factor activity and small GTPase 3.40 0.048
binding activity
IFIT2 Enables RNA binding activity; involved in positive regulation of apoptotic process 3.12 0.030
WEIKKN? Contains a WAP, follistatin, ar.ld immunoglobulin dlomaln, two tandem kunitz 292 0.047
domains, and a NTR domain
FSD2 Encodes a protein that belongs to the FN3/SPRY family 2.79 0.025
CYGB may be involved in protection during oxidative stress 2.68 0.034
SLITRK1 Thought to be involved in neurite outgrowth 2.40 0.019
ETV4 Involved in positive regulation of keratinocyte differentiation and transcription by 176 0.000
RNA polymerase II
RNF227 Predicted to enable metal ion binding activity 1.71 0.011
Myomesin 1 and other myofibrillar proteins contain structural modules with strong
MYOM1 homology to fibronectin type III (motif I) or immunoglobulin C2 (motif II) 1.70 0.032
domains
SLCIGAS Member of a family of proton-coupled monocarboxylate transporters mediating 158 0.017
lactate transport across cell membranes
COL7AI Functions as an anchoring fibril between external epithelia and underlying stroma 1.50 0.017
Gene symbols Description of downregulated DEGs FC P-value
G-protein-coupled receptor for platelet-activating factor (PAF); stimulates signal
PTAFR transduction pathways including the phosphatidylinositol-calcium second -4.39 0.003
messenger system
DSCAM Involved in human central and peripheral nervous system development -4.23 0.023
LRRN4 Predicted to act upstream of or within visual learning -3.94 0.050
PLKS Involved in defense response to tumor cells; positive regulation of neuron projection ~3.90 0.050
development
ATP8B4 Involved in phospholipid transport in the cell membrane -2.62 0.036
NNAT Possibly 1nvolyed in the regulatlop of.l(?n channels during brain development; role .49 0.036
in forming and maintaining nervous system structure
RB cell lines, reflecting its tumor suppressive function.  independent growth [26]. Similarly, knockdown of

Fittingly, INPP4B overexpression inhibits colony formation
and anchorage-independent growth of human hepatocel-
lular and cervical carcinoma cells lines [10, 21] as well as
induced expression of INPP4B in human breast cancer cells
without INPP4B  expression reduced anchorage-

INPP4B in thyroid, mammary epithelial cell and breast
cancer cell lines provided an advantage for anchorage-
independent growth [26, 27, 30]. By contrast, INPP4B
overexpression in acute myeloid leukemia cells increased
their colony formation potential [32], and INPP4B
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FIGURE 11: Validation of differentially expressed genes identified by RNAseq analysis after INPP4B overexpression in Y79-Etop (a) and
RB355-Etop (b) RB cells. Quantitative real-time PCR verified the significant upregulation of CAPG, HCST, IFIT2, PRAMEF27, CABPI, and
TNFSF4 (red bars) after INPP4B overexpression. Downregulation of the genes HYAL3, GALP, EMPI1, PTAFR, and PLK5 did not reach
significance (green bars). All experiments were performed at least in triplicates and results depicted with a standard error of the mean (SEM).
A student’s t-test was used to calculate statistical differences (* p value <0.05) between control and experimental groups.

overexpression likewise led to enhanced anchorage-
independent growth in cancer entities, in which INPP4B
was identified as an oncogene, e.g., gallbladder cancer, colon
cancer, and acute myeloid leukemia cell lines [29, 34, 51].

In the study presented INPP4B overexpression in
etoposide-resistant RB cells resulted in decreased tumor
formation capacity or reduced size of CAM tumors in ovo.
Besides, the migration potential was decreased at least in one
RB cell line investigated, strengthening the anti-tumorigenic
role of INPP4B in retinoblastoma. Fittingly, INPP4B
overexpression in cervical cancer and ductal carcinoma cells
decreased tumor growth in mice [21, 27], and INPP4B
knockdown in breast cancer cells increased the number and
size of tumors in an athymic murine xenograft model [26].
Moreover, in a genetically-engineered triple-negative breast
cancer mouse model INPP4B knockout mice displayed
a significant, dose-dependent increase in tumor emergence,
indicating a tumor suppressor function of INPP4B in these
tumor entities [25]. By contrast, INPP4B depletion in me-
lanocytes leads to a delay in tumor development in vivo,
suggesting a tumorigenic capacity of INPP4B in this
setting [33].

INPP4B has been reported as a negative regulator of
PI3K/AKT signaling [13] and was anticipated to act as
a tumor suppressor by inhibiting this pathway [27]. Most
recently, Wang et al. demonstrated that INPP4B over-
expression decreased the phosphorylation of AKT in mul-
tiple myeloma and hepatocellular carcinoma cells [31],
whereas tumors derived from INPP4B knockout mice were
found to be enriched for AKT [25]. It has, however, been
shown that in cervical carcinoma cells INPP4B

overexpression reduces the phosphorylation of both AKT
and SGK3, sharing structural and functional similarities
[21]. Therefore, we investigated the phosphorylation status
of AKT and SGK3 following INPP4B overexpression in
order to reveal the possible involvement of each pathway as
potential INPP4B signaling mechanisms in etoposide re-
sistant RB cells. No significant changes in AKT or p-AKT
levels were discernible following INPP4B overexpression,
whereas p-SGK3 levels increased, indicating a potential
involvement of the SGK3 signaling pathway in RB
etoposide-resistance. In accordance with our data, INPP4B
overexpression promoted SGK3 phosphorylation but did
not influence p-AKT levels in AGS gastric cancer cells, while
INPP4B reduction elevated AKT phosphorylation, but did
not increase p-SGK3 levels in BGC823 gastric cancer cells
[28]. Along this line, INPP4B knockdown leads to a re-
duction in p-SGK3 levels, but did not influence AKT acti-
vation in NPMIl-mutated OCI-AML3 acute myeloid
leukemia cells [51] and INPP4B expression is not correlated
with alterations in AKT phosphorylation in leukemia,
suggesting an AKT-independent mechanism [9]. Indeed,
INPP4B seems to alternatively signal via SGK3 in cells
without canonical AKT signaling [52]. Studies indicated
a correlation between high INPP4B expression and SGK3
phosphorylation levels in breast cancer and melanoma cells,
in which INPP4B overexpression triggered phosphorylation
and activation of SGK3, not AKT. In these cancer cell lines
INPP4B signaling, however, increased proliferation and
anchorage-independent growth [33, 53]. Thus, recent
studies reporting on INPP4B-mediated activation of SGK3
depict INPP4B as an oncogenic driver [9, 28, 33, 34],
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whereas our functional studies indicate a tumor suppressive
role of INPP4B in retinoblastoma.

INPP4B overexpression in etoposide-resistant RB cells
induced changes in gene regulation revealed by RNAseq
analysis. GO-term analysis of the RGS revealed connections to
apoptosis (GO-term “negative regulation of apoptotic sig-
naling pathway”) and gene expression regulation (GO-term
“gene expression regulation”) as well as cytokine activity and
cell adhesion. These data are in line with the results of our
in vitro experiments which showed induced caspase de-
pendent apoptosis levels following INPP4B overexpression in
both etoposide-resistant cell lines investigated. A main dif-
ference between the two RB cells lines investigated is their
growth behavior and fittingly, the significant GO-term “cell
adhesion” is connected to RB355 cells, growing as an adherent
culture. Tumor cell adhesion to the extracellular matrix is an
important facilitator of therapy resistance. It could be shown
that the cell adhesion resistome is involved in the homeostasis
of cancer cells and fundamentally contributes to adaptation
mechanisms, including survival and growth, induced by
molecular drugs [54]. The observation that different DEGs
have been identified for the two RB cell lines investigated is
most likely attributable to the fact that Y79 and RB355 ret-
inoblastoma cells are different per se, one growing as sus-
pension cells (Y79) and one, as mentioned above, as an
adherent culture (RB355).

Interestingly, some of the verified upregulated genes of
the identified RGS seem to trigger the oncogenic role of
INPP4B, which is not reflected by our functional data.
However, mirroring previously described effects of an in-
creased phosphorylation of SGK3 seen after INPP4B
overexpression in both RB cell lines. In this context, INPP4B
has already been described as an oncogenic driver through
phosphorylation and activation of SGK3 in a subset of
melanoma and colon carcinoma [33, 34].

One of the upregulated genes potentially driving the
oncogenic role of INPP4B in RB is the macrophage-capping
protein (CAPG) which raised the expression of CAPG was
likewise shown in different metastatic cancers, supporting its
involvement in tumor cell invasion and metastatic processes
[55, 56]. Increased CAPG expression has been correlated
with elevated invasiveness and migration in several human
tumor entities like, e.g., glioblastoma [57]. Besides, increased
CAPG expression strongly correlates with the resistance to
paclitaxel chemotherapy [58], and knockdown of the cir-
cular RNA circ_0055412 promotes the cisplatin sensitivity of
glioma cells through modulation of the CAPG signaling
pathway [59]. Finally, elevated CAPG expression is corre-
lated with unfavorable clinical parameters and poor pa-
tients' outcomes in different cancers, suggesting a potential
role as a biomarker for prognosis and prediction of therapy
outcome [60-62].

The hematopoietic cell signal transducer HCST, also
upregulated in INPP4B overexpressing etoposide resistant
Y79 RB cells, has been suggested as a potential biomarker for
renal cell carcinoma and lung cancer diagnosis and
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prognosis [63, 64]. High HCST expression leads to signifi-
cant enrichment in cell adhesion, tumor formation, and
immune and inflammatory responses in a renal cell carci-
noma specimen [63].

Additionally, we identified an upregulation of the tumor
necrosis factor superfamily member 4 (TNFSF4) after INPP4B
overexpression in etoposide-resistant RB355 cells. Higher levels
of TNFSF4 were likewise detected in breast and bladder car-
cinoma as well as in serum and tumor tissues of lung ade-
nocarcinoma patients, and it has been shown that stress-
induced induction of TNFSF4 in cancer-associated fibro-
blasts alleviates the resistance of lung adenocarcinomas against
chemotherapeutics by inhibiting tumor cell apoptosis [65-67].

High levels of the calcium-binding protein 1 (CABP1), as
detected after INPP4B overexpression in etoposide-resistant
RB355 cells, were likewise revealed by Kaplan-Meier anal-
ysis of glioblastoma hub genes and was negatively associated
with relapse-free survival of glioblastoma patients [68].
Besides, CABPI was identified as one of 5 key prognostic
genes for predicting the survival of invasive lobular breast
cancer survival [69]. Additionally, CABP1 can adjust the
activity of inositol 1,4,5-triphosphate receptors in a calcium-
dependent manner [70]. Regardless of the described func-
tions, up to now CABP1 has seldom been investigated in the
context of oncological research.

Functions mediated by the verified upregulated
interferon-induced protein with tetratricopeptide repeats
(IFIT) and the downregulated epithelial membrane protein 1
(EMP1) are in line with the tumor suppressive function of
INPP4B seen in RB cells. Members of the IFIT genes have
been shown to promote drug resistance after depletion and
are negatively associated with tumor malignancy due to
proapoptotic effects and the activation of caspase-3 after
overexpression (for review see [71]). Besides, their potential
use as cancer biomarkers and prognostic factors as well as
novel therapeutic targets for cancer therapy has been dis-
cussed (for review see [71, 72]. EMP1 is a transmembrane
glycoprotein involved in oncogenic processes like pro-
liferation, migration, invasion, metastasis, and malignant
progression [73-75]. In a previous study by our group, we
demonstrated that EMP1 knockdown in RB cells signifi-
cantly reduces cell viability and proliferation and increases
apoptosis [76]. Real-time PCR verification of our RNAseq
data, revealing a downregulation of EMP1 in INPP4B
overexpressing, etoposide-resistant Y79 cells, did, however,
not reach significance.

Nevertheless, further functional experiments will be
required to unravel the interplay between INPP4B and the
identified differentially expressed genes in terms of tumor
suppressive as well as oncogene-like impacts.

Data Availability

The RNAseq data used to support the findings of this study
have been deposited in the Gene Expression Omnibus
(GEO) database (GSE226408).
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