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Abstract

Hematological and neurological expressed 1 (HN1), encoding a small protein,
has been recently explored in different cancers owing to its higher expression
in tumor samples as compared to adjacent normal. It was discovered and
subsequently named because of its higher expression in hematological and
neurological tissues in developing mice. Following discovery, it was
considered a neuronal regeneration or dedifferentiation-related gene. How-
ever, since then, it has not been characterized in neuroblastoma or
differentiated neurons. SH-SYS5Y cell line presents a unique model of
neuroblastoma often utilized in neurobiology research. In this study, first,
we employed bioinformatics analysis along with in vitro evaluation using
normal and retinoic acid (RA)-differentiated SH-SY5Y cells to determine the
responses of HN1 and its function. The analysis revealed that HN1 expression
is higher in neuroblastoma and lower in differentiated neurons and
Parkinson's disease as compared to appropriate controls. Since HN1
coexpression network in neuroblastoma is found to be enriched in cell-
cycle-related pathways, we have shown that HN1 expression increases in
S-phase and remains lower in the rest of the cell cycle phases. Moreover, HN1
expression is also correlated with the microtubule stability in SH-SY5Y cells,
which was investigated with nocodazole and taxol treatments. HN1 over-
expression increased the ratio of S-type cells (undifferentiated), indicating that
it acts as a dedifferentiating factor in neuroblastoma cells. Moreover, cell cycle
dynamics also changed upon HNI overexpression with alternating effects on
SH-SY5Y and RA-differentiated (N-type) cells. Therefore, HN1 is a potential
cell cycle regulatory element in the development of neuroblastoma or
dedifferentiation of neurons, which requires further studies to decipher its
mechanistic role.
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1 | INTRODUCTION

The hematological and neurological expressed 1 (HN1)
gene encodes a 154 amino acid protein which has been
named after the discovery of its specific expression in
tissues of hematological and neurological origins in mice
in 1997." HN1 messenger RNA (mRNA) levels are
recorded as higher in the developing nervous system as
compared to the adult brain, implicating the role of HNI
in the development of the nervous system. Furthermore,
in a model of motoneuron regeneration of mice and rats,
it was upregulated in injured facial motoneurons
indicating a role in nerve regeneration> A
dedifferentiation model of retinal pigment epithelial
(RPE) cells from Newt (Cynops pyrrhogaster) retina
removal and subsequent observation of reconstruction
of the neural retina showed that HNI is expressed in
dedifferentiating and progenitor cells of the retina.® It
was deduced that HN1 might play a role in the
dedifferentiation of RPE cells. In melanoma cells, HN1
silencing led to increased melanogenesis and the expres-
sion profile of differentiation markers and considering
previous literature at the time, it was assumed that HN1
acts as a suppressor of differentiation in proliferating
cells.* Later, it was also shown that HNI expression was
correlated with depigmentation of RPE cells in a model
of regeneration of Newt retinal development. The
researchers deduced that HNI could be useful in
determining dedifferentiated cells from differentiated
ones in the models of regeneration and development.’
However, no studies were further conducted to under-
stand the role of HN1 in the dedifferentiation of neurons
in higher animals such as mammals or vertebrates
considering that HNT1 is highly conserved in metazoans.®

HNI1 has been implicated in promoting tumori-
genesis for breast cancer,”® liver cancer,””!' prostate
cancer,'? anaplastic thyroid cancer (ATC),"* and
cervical cancer.'* HN1 protein in cytoplasm interacts
with centrosome proteins and influences the bipolar
spindle assembly in prostate cancer cells."” Its cell
cycle-related function was recently shown where HN1
contributed to S-phase accumulation and cyclin Bl
degradation via Cdhl which is a cofactor of anaphase-
promoting complex/cyclosome.'® Furthermore, HN1
regulates the stemness of tumor growth in ATC to
induce dedifferentiation. HN1 inhibited the CTCF
expression and subsequent chromatin accessibility of
differentiation genes.'’

The SH-SYS5Y cell line is a unique tool to study the
differentiation of neuroblastoma cells to neuronal
populations according to human cellular physiology.'®
Undifferentiated SH-SY5Y cells grow rapidly in clumps
displaying short processes and remain depolarized.'**°
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Retinoic acid (RA)-differentiated SH-SY5Y cells, on the
other hand, exhibit polarization, reduced proliferation,
and extended or branched neurite outgrowth.*"** The
SH-SY5Y cells in culture are classified as N-type
showing neuron-like (neuroblastic) phenotype, and S-
type as substrate or undifferentiated adherent pheno-
type.>""** Therefore, in this study, we utilized RA for
differentiating SH-SY5Y cells,*’ developed neuron-like
morphology to characterize the HNI-related differ-
ences in observed phenotypes. We used transcrip-
tomics data analysis®* to illustrate the expression levels
of HN1 in neuroblastoma, Parkinson's disease,?> and
RA-differentiated SH-SY5Y cells. Then, we explored
the HNI coexpression network to understand the
pathways enriched for genes coexpressing with HN1
in neuroblastoma.’® Finally, we performed in vitro
experiments to understand the role of HN1 in
undifferentiated SH-SY5Y cells and RA-differentiated
neurons. The expression of HN1 was correlated with
cell cycle-related proteins involved in either differenti-
ation of SH-SY5Y cells or suppression of differentiation
in RA-treated SH-SY5Y cells.

2 | MATERIALS AND METHODS

2.1 | Bioinformatics analysis of HN1

A violin plot was constructed based on comparison of
HNI1 gene expression levels from the normal and tumor
analysis ran on TNMPLOT?** database where RNA-seq
based data was queried. The platform option for the
search was also based on pediatric tissues or non-
cancerous patients. The neuroblastoma (TARGET) was
selected as the data set. The microarray data from GEO
data set GSE8397%7 with platform GPL96 was also
searched for HN1 mRNA levels to compare between
normal and Parkinson's disease (PD) patients and the
tissues were extracted from superior frontal gyrus
(SFG), lateral substantia nigra (LSN), and medial
substantia nigra (MSN) for both diseased and normal
cases. The GSE9169 data set*® obtained from the GEO
database was analyzed using the GEO2R tool to
evaluate the mRNA levels of HNI. The data contains
RNA-seq analysis from control SH-SY5Y (n=3) and
RA-treated cells (n = 3) for different time periods. HN1
coexpressed genes were obtained from the c-bioportal
database®® with Spearman's coefficient cut-off at 0.5
from the TARGET-neuroblastoma data set. The gene
list was then queried for Gene Ontology (GO) analysis
using the Funrich v3.1.3 software package® and
graphed according to —logl0 and percentages of gene
ratings provided within the visualization tool.
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2.2 | Cell culture

The SH-SY5Y cell line was procured from the American
Type Culture Collection and propagated in Dulbecco's
modified Eagle medium (DMEM)-F12 medium. The cell-
culture medium was supplemented with 10% fetal
bovine serum (FBS) along with 1% L-glutamine, and 1%
(100 U/mL) streptomycin/penicillin solution. The cells
were grown in a humidified atmosphere containing 5%
CO; in an incubator at 37°C. The passage number of the
cells utilized in experimentation was kept under 15 BSL2
settings allowing contaminant-free cultures to propa-
gate followed by routine standard mycoplasma testing
in addition to 4',6-diamidino-2-phenylindole (DAPI)
staining in every passage when appropriate.

2.3 | Chemicals and antibodies

Thymidine (S-phase synchronizing agent), nocodazole
(microtubule depolymerizing agent), taxol (microtubule

TABLE 1 List of antibodies and their dilutions used in the study.
Antibody Technique
Anti-HN1 WB/IF
Anti-BrdU IF
Anti-p-actin WB
Anti-geminin WB
Anti-GSK383 WB
Anti-B-catenin WB
Anti-Akt WB
Anti-B-tubulin WB/IF
Anti-x-ac-tubulin WB
Anti-Cdtl WB
Anti-GAPDH WB
Anti-p-GSK33(Ser21) WB
Anti-Cdk2 WB
Anti-Skp2 WB
Anti-GAP43 WB
Anti-lamin B1 WB
Anti-Rabbit-HRP conjugated WB
Anti-Mouse-HRP conjugated WB
Alexa488/532/594 (anti-mouse IgG) IF
Alexa488/532/594 (anti-rabbit IgG) IF

WILEY—L2o*

polymerizing agent), SB216763 (GSK3f inhibitor),
LY294002 (PI3K/AKT kinase inhibitor), and doxycycline
(tetracycline analog) were obtained from Sigma-Aldrich.
Anti-HN1 antibody was obtained from Invitrogen and an
anti-B-actin antibody conjugated with horse-radish per-
oxidase (HRP) was obtained from Sigma-Aldrich. Anti-3-
tubulin was obtained from Abcam. Antibodies against
geminin, Cdtl, GSK3@, (-catenin, Akt, acetylated-o-
tubulin, Cdk2, Skp2, GAP43, and GAPDH were obtained
from Santa Cruz Biotechnology. A list of antibodies and
their dilutions used in the study is given in Table 1.

v
2

2.4 | Transfections and stable HN1 or
HN1-venus expressing SH-SY5Y cell line
generation

2.4.1 | Cloning

HNI1 overexpression in undifferentiated and RA-
differentiated SH-SYSY cells wutilized HisMax-HN1

Dilution

1/750-1/200

Manufacturer and catalog

Invitrogen—PA5-109824

Abcam (ab142567) 1/200
(HRP) conjugated 1/500.000
Invitrogen—PAS5-38612 1/1000
Santa Cruz—sc377213 1/600
Santa Cruz—sc59737 1/500
Cell Signaling—9272 C5 1/1000

Abm—G098 1/10.000-1/300
Santa Cruz—sc23950 1/600
Santa Cruz—sc365305 1/1000
Ambion—AM4300 1/100.000
Santa Cruz—sc130601 1/500
Santa Cruz—sc6248 1/500
Santa Cruz—sc74477 1/600
Santa Cruz—sc17790 1/1000
Santa Cruz—sc365962 1/600
Sigma 1/20.000
Sigma 1/30.000
Millipore 1/600
Millipore 1/600

Abbreviations: HRP, horse-radish peroxidase; IF, immunofluorescence; IG, immunoglobulin G; WB, Western blotting.



plasmid containing HN1 ORF cloned into the plasmid
backbone of pcDNA4-HisMax and used in the prior study
as well.'> FUGENE HD reagents obtained from Promega
(Cat. No. E2311) were used for plasmid DNA transfec-
tion. Briefly, cells were seeded in 6-cm cell-culture dishes
and after 1 day, 1 ug DNA and 3 pL transfection reagent
mixture in 100 puL full negative DMEM F-12 media was
incubated for 15 min and added to the cell-culture dish
containing a monolayer of cells. After completion of the
treatment period (48 h), cells were harvested by scraping
the monolayer using a cell scraper and centrifuged to
precipitate cells with phosphate buffer saline (PBS) (pH
7.4). The cells were processed further for protein
isolation. pcDNA4-HisMax without gene of interest was
used as mock control (HM-Vector) and HM-HN1 was
used for ectopically expressing HN1.

2.4.2 | Transfections for lentivirus
production

The pcDNA4-TO-Venus plasmid was used to clone
HNI1 with or w/o Venus, and then the insert fragments
were cloned into pCW57.1 backbone to construct an
all-in-one inducible expression system expressing HN1
and/or HNI-Venus as described previously.'®
pCW57.1-HN1 and pCW57.1-HN1-Venus plasmids
were then used as transfer vectors together with
packaging plasmids such as pMD2G, pRSV-Rev, and
PMDLg/pRRE for transfection into HEK293T cells.
Polyethyleneimine was used as a transfection reagent
with a ratio of 1:3 (DNA: transfection reagent). To
boost up the transfection efficiency 25 uM chloroquine
(Sigma-Aldrich) was used before transfection. Viral
particles in the culture media were collected from
HEK293T supernatant derived after centrifugation
(300g for 10min) and filtering posttransfection
(48-72 h). Lentiviral particles were concentrated via
centrifugation at 16 000g for o/n, resuspended in PBS,
aliquoted, and stored at —80°C until use.

2.4.3 | Transductions and stable cell
generation

The lentivirus transduction protocol involved polybrene
(Sigma-Aldrich) as the transduction reagent (10 ug/mL).
The transduction period was 72h. Then the culture
medium was replaced with fresh media to kept for 24 h,
then puromycin (Sigma-Aldrich) (1 ug/mL) was added to
the cells in culture. The cells were kept in puromycin-
containing media for 6-10 days to obtain stable SH-SY5Y
cells inducible for HNI and HNI-Venus expressions.
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Doxycycline inductions were performed at the time of
use for the cells with or w/o treatments.

2.5 | Protein isolation, separation, and
immunoblotting

Radio-immunoprecipitation assay (RIPA) buffer (ice-
cold) was employed for lysing cells as described in our
previous study. The final RIPA buffer used for the cell
lysis contains 1 mM Na;VO,, 1 mM ethylenediaminete-
traacetic acid (EDTA), 1 mM NaF, 150 mM NacCl, 0.25%
Na-deoxycholate, 50 mM Tris-HCl (pH 7.4), and 1%
Nonidet P-40, supplemented with Phospho-Stop and
protease inhibitors (Roche). The cellular pellets mixed
with RIPA buffer were placed on ice for 45 min before
sonication for 50 cycles, with 25% power for 20s for
complete homogenization. After sonication, the lysates
were centrifuged at 12 000g for 10 min at 4°C, and the
supernatant was collected as the total protein lysate. The
protein concentration was determined using a BCA
Assay Kit (Sigma-Aldrich), according to the manufactur-
er's recommendation.

The collected protein lysates (50 pg/sample) were
separated using sodium dodecyl-sulfate-polyacrylamide
(10%-15%) gels with electrophoresis. The wet transfer
method was applied for transferring proteins to the
polyvinylidene difluoride (PVDF) membrane. The im-
mobilized proteins on the membrane were then blocked
with 5% milk solution prepared in 0.1% Tween-20 in Tris-
buffered saline (TBS-T) for 1h, followed by incubation
with primary antibodies (1h at room temperature or
overnight at 4°C). The primary antibodies were then
washed with TBS-T solution for half an hour and
replaced with a secondary antibody conjugated with
HRP, which was also washed subsequently. For chemi-
luminescence, an enhanced chemiluminescence reagent
obtained from BioRad was used on the PVDF membrane
and the resulting light was captured on X-ray film
exposed on the membrane (kept between plastic sheets)
in the dark room and developed using conventional
developer and fixer solutions. Immunoblots are normal-
ized based on f-actin or GAPDH levels where indicated
and independent repeats are shown in Supporting
Information.

2.6 | Immunofluorescence imaging

To capture immunofluorescent proteins in SH-SY5Y
cells, cells were grown on sterile cover slips in either
35 mm culture dishes or six-well plates. After completing
the treatments, cells were fixed with either
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paraformaldehyde (4% in PBS) at room temperature or
ice-cold methanol (100%) at —20°C for half an hour. After
fixation, cells were permeabilized using 0.2% Triton-X
solution in PBS for 5min, followed by blocking in 1%
bovine serum albumin solution in PBS for 5min on a
shaker at room temperature. After blocking, cells were
subjected to incubation with primary antibodies at 37°C
for 1 h. Unbound antibodies were washed with PBS and
Alexa-fluor conjugated secondary antibodies were used
according to the host of primary antibodies. After
antibody labeling, cells were washed with PBS and kept
in 70% ethanol and 100% ethanol solutions for dehydra-
tion. After air drying the cover glasses, DAPI (1 ug/mL)
in 30% glycerol solution in PBS was used to mount for
visualization of nuclei. Glass slides were kept in the dark
for 15 min and the images were captured using DM4000
LED B Leica fluorescence microscope equipped with 5.5.
Megapixel digital camera and Leica Application Suite
software (LAS v4.4.0). At least eight images were taken
from each sample (n = 3) containing more than 10 cells
per field to compare the cellular populations depending
on the experiment.

2.7 | Cell cycle distribution analysis

Cells after treatments were trypsinized and washed with
PBS and fixed with 70% ethanol at least overnight
at —20°C. After fixation, cells were washed with PBS
using centrifugation procedures, permeabilized with
0.2% Triton-X-100 in PBS, and subsequently treated with
RNAse A (20 ug/mL) in PBS. After centrifugation, cells
were suspended in propidium iodide solution (5 ug/mL)
in PBS and placed in the dark at room temperature for
15 min. DNA content analysis was then performed using
an Accuri C6 flow cytometer (Becton Dickinson) and
Flowjo (v10) software. The final gated population with
threshold of 1-2x 10* cells was selected for comparing
the samples.

2.8 | Subcellular fractionation

Briefly, cells after treatments were washed with PBS and
centrifuged for pelleting cells and suspended in Buffer A
containing 1mM ethylene glycol-bis(8-aminoethyl
ether)-N,N,N’,N’-tetraacetic acid (EGTA), 1 mM EDTA,
50mM  4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) (pH 7.4), and 10 mM KCI and placed on
a rotator for 30 min at 4°C. Cytoplasmic fraction was
collected from the supernatant after centrifugation at
4000g for 5 min at 4°C. The pellet was washed in Buffer A
four times for the removal of the cytoplasmic fraction.

After washings, pellets were suspended in Buffer B
containing 0.5% Triton-X-100, 1mM EGTA, 1mM
EDTA, 1M HEPES (pH 7.4), and 400 mM KCl and
shaken on a rotator for 30 min at 4°C. After shaking,
supernatant from the centrifugation at 14 000g for 30 min
at 4°C, was collected as the nuclear fraction. The nuclear
and cytoplasmic fractions were quantified for protein
concentration as described for total protein lysates
before. Anti-GAPDH was used to determine cytoplasmic
fractionation, and anti-Lamin B1 was used as the loading
control for nuclear lysates.

2.9 | Statistical analysis

The data graphed in bar or line graphs are taken as the
means + standard error of the mean for independent
setups for the analyses and shown in either main figures
or Supporting Information data files. For visualiza-
tion, Microsoft Excel or GraphPad Prism 9 software
packages were used. Where applicable, the differences
in variances are recorded according to p-value (<0.05)
based on analysis of variance (ANOVA), two ways
ANOVA or multiple unpaired t test to show the
statistical significance (¥).

3 | RESULTS

3.1 | HN1 is upregulated in
neuroblastoma, downregulated in
RA-differentiated neurons, and fluctuates
during cell cycle

The transcriptomics data set available in the TNMPLOT
database for the normal and tumor analysis was used to
compare the HN1 expression levels.”* The neuroblas-
toma (TARGET) was selected as the data set. The
Mann-Whitney p-value for HN1 level comparison
between normal and cancer tissues was recorded as
1.15°7>° and fold change mean as 10.13 and the fold
change median as 10.89 from 190 normal samples and
149 tumor samples (Figure 1A). Therefore, HNI tran-
script levels are significantly higher in neuroblastoma as
compared to normal controls indicating that HNI may
act as a tumor-promoting gene. HNI mRNA levels in
SFG, LSN, and MSN tissues from normal and Parkinson's
disease patients were compared using the GEO2R tool on
the GSE8397 data set. The data were originally obtained
from the tissues of normal and PD patients from SFG
(n=3 normal, n =4 PD), LSN (n =4 normal, n =7 PD),
and MSN (n = 7 normal, n = 7 PD) for both diseased and
normal cases. HN1 levels were found to be lower in PD as



compared to normal counterparts (Figure 1B). The
neurodegenerative disease exhibited lower HN1 levels,
whereas tumorigenic neuroblastoma manifested higher
HN1 levels, thereby indicating that HN1 has a role in
cellular growth in neuronal populations.

Another GEO data set containing data from the
SH-SY5Y cells treated with RA for up to 5 days was
queried for HNI mRNA levels. HN1 levels gradually
decreased upon exposure of SH-SY5Y cells to RA, which
is routinely used for differentiating neuroblastoma cells
to neurons (Figure 1C). The Kruskal-Wallis's test
utilizing nonparametric or mixed analysis of ANOVA
was used for statistical analysis, where p=0.0355
indicated a significant difference of HN1 decrease. The
HNI1 coexpressed genes were extracted from neuroblas-
toma (TARGET) data set and used as input for genera-
ting the GO terms for biological pathways. It was
observed that the most enriched and statistically signifi-
cant (File S1) pathways are DNA replication, nuclear
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chromatin organization, and cell division (Figure 1D).
Therefore, it is assumed through bioinformatics analysis
that HNI is upregulated in neuroblastoma, downregu-
lated in PD and RA-differentiated neurons and its
coexpressed genes function in the regulation of the cell
cycle.

SH-SY5Y cells were differentiated into neuron-like
cells through induction via RA as reported previously™
and we also have observed using phase contrast
microscopy in SH-SY5Y cell culture (Figure 2A). Fur-
thermore, when HN1 protein levels were measured after
continuous treatment of SH-SYS5Y cells with RA, it was
observed that HN1 expression level gradually decreased
upon exposure to RA (Figure 2B). Therefore, HNI mRNA
(Figure 1C) and protein expressions (Figure 2B) decrease
upon differentiation of neuroblastoma cells to neuron-
like cells (three independent repeats; Figure S1) and
statistical analysis for two-way ANOVA are shown in
File S2; Figure S2). Since the HN1 coexpression network

mRNA splicing, DNA repair, mitotic cell cycle, is enriched for cell-cycle-related pathways, we employed
(A) TARGET-NBL P =1.15e-55 (B)
15000- 10 GSE8397 10 GSE8397 10 GSE8397
é »n 9 »na »n o
2 R gg g
£ 10000- < = [ z °
P W_ & " . i -
g ‘E 6 —— E° —a—— E -
£ 5000 g 2° =
T, T, T
<£ ’
0 ‘ MSN control VS PD LSN control VS PD SFG control VS PD
Normal Tumor
(D) - Log10 (p-value) N Percentage of gene
=0.05 reference
7000~ GSE9169 ° : ¢ M
l’ cell division
S 6000
:l’ chromatin organization
% 5000 g_ mitotic cell cycle
E % DNA repair
Z 4000 2
I pvalue = *0.0355 nuclear mRNA splicing, via spliceosome.
3000 T T T T T T DNA replication
» 3 Vv ) )
& S
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FIGURE 1 HNI1 levels from transcriptomics data and pathways enriched in its coexpression network. (A) A violin plot was constructed

based on comparison of HN1 gene expression levels from the normal and tumor analysis ran on TNMPLOT database where RNA-seq based
data was queried from TARGET-NBL datasets. The platform option for the search was also based on pediatric tissues or noncancerous
patients. The neuroblastoma (TARGET) was selected as the data set. (B) The microarray data from GEO data set GSE8397 with platform
GPL96 was also searched for HN1 mRNA levels to compare between normal and PD patients and the tissues were extracted from SFG (n =3
normal, n =4 PD), LSN (n =4 normal, n =7 PD), and MSN (n =7 normal, n = 7 PD) for both diseased and normal cases. The box plots are
drawn in Microsoft Excel. (C) The RNA-seq data from GSE9169 GEO data set was queried for HNI mRNA levels and plotted using
GraphPad Prism 9, where n =3 for each sample of SH-SY5Y cells treated with RA for indicated periods (p =0.0355, * for nonparametric
Kruskal-Wallis test). (D) HNI coexpressed genes (290) with Spearman'’s coefficient more than 0.5 with p < 0.05, were extracted from
TARGET-neuroblastoma data set using c-Bioportal and subjected to Gene Ontology analysis for biological pathways using Funrich v3.1
software package. The statistically relevant enriched pathways are shown in the graph. LSN, lateral substantia nigra; mRNA, messenger
RNA; MSN, medial substantia nigra; PD, Parkinson's disease; RA, retinoic acid; SFG, superior frontal gyrus.
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cell-cycle synchronization approaches to determine
phase-specific protein levels of HN1 in SH-SY5Y cells.
HN1 protein levels are enriched only in the S-phase
represented by the samples with double thymidine block
and release (Figure 2C), consistent with our previous
studies. Moreover, the experiment was repeated with
longer releases from double thymidine blocks, and HN1
levels remained enriched in S-phase of the cell cycle
(Figure 2D). Furthermore, the cells were released from
the nocodazole block (post-G2) to G1 for up to 10 h, and
HN1 levels remained lower than control cells
(Figure 2E). Since serum starvation leads to GO0/G1-
enrichment and HNT1 levels were lower in the G1 phase,
a serum-gradient experiment was conducted to observe
the effect of change growth parameter (serum) in SH-
SY5Y cells. HN1 levels increased upon the addition of

A)

FBS into cell-culture media (Figure 2F). Therefore, HN1
being downregulated in RA-differentiated cells and
serum starvation along with its upregulation upon
addition of FBS and in the S-phase of the cell cycle
indicates that HN1 is involved in the proliferation of
neurons or likely in their dedifferentiation.

3.2 | HN1 overexpression alters cell
cycle dynamics in undifferentiated and
RA-differentiated SH-SY5Y cells

HN1 overexpression using plasmid DNA transfection
was carried out in undifferentiated and RA-differentiated
SH-SY5Y cells. HN1 overexpression increased geminin
levels in undifferentiated cells (Figure 3A) but not

(B)

(C) (hrsy € SF_TB T2 T4 Noc Shkoffkdl
a
HNL| G - T2
T 01 04 04 06 01 002
Bt | e—— |
(D) Tymidine block and rel (E) Nocodazole block and rel (F) FBS Conc. (%)
() C 0 2 4 - 0.6 125 25 5 10

6

HN1

B-act

HN1

B-act |

FIGURE 2 HNI expression level decreases upon differentiation of SH-SY5Y cells and is enriched in S-phase of the cell cycle. (A) The
SH-SY5Y cells were subjected to all-trans RA treatment (10 uM) for 2 weeks and photographed in an inverted phase contrast microscope.
The neurite growth is clearly visible in RA-treated differentiated cells on the right side of the panel (upper x10 and lower x40 images). (B)
Cells treated with RA for up to 9 days were collected, lysed, and isolated protein lysates were immunoblotted with anti-HN1 and anti-3-actin
antibodies. The data for three independent repeats and relevant two-way ANOVA is available in Supporting Information. The difference
between undifferentiated versus RA-differentiated samples is statistically significant p < 0.001. (C) Cells were synchronized in different
phases of the cell cycle using different approaches to get enriched populations for G1 (serum-free), G1/S (double thymidine block), early S
(double thymidine block and release into S for 2 h), S (middle) (4 h release from double thymidine block), post-G2 (nocodazole block), and
M (mitotic shake-off after release from nocodazole block for 1h and collecting suspended cells). Protein lysates were immunoblotted with
anti-HN1 and anti-B-actin bodies. (D) The cells were released from indicated time periods from double thymidine blocks and subjected to
immunoblotting with anti-HN1 and anti-B-actin antibodies. (E) The cells were released from nocodazole block for indicated periods and
immunoblotting was performed using anti-HN1 and anti-8-actin antibodies. (F) The cells were cultured in normal culture media with
increasing concentrations of FBS for 48 h and immunoblotted with anti-HN1 and anti-8-actin antibodies (immunoblot in [B] was repeated
three times for HN1 quantitation). ANOVA, analysis of variance; FBS, fetal bovine serum; RA, retinoic acid.



changed in RA-differentiated cells, which is also  Figure S3). Since inhibition of GSK3f is implicated in

consistent with the cell cycle distribution assay show- preventing RA-mediated differentiation of SH-SY5Y
ing increased S and G2 populations (Figure 3B,D). cells,’ HN1 overexpression bearing no change in
Upon HN1 overexpression, GSK3f levels also increa- differentiated cells for GSK3fB and increasing it in

sed in undifferentiated SH-SY5Y. However, in RA- undifferentiated cells indicates that HN1 acts differently
differentiated cells, GSK3f levels remained unchanged in RA-differentiated cells. HN1 overexpression also
(from two independent experiments shown in File S2; increased [(-catenin levels in both conditions,
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FIGURE 3 The effect of HN1 overexpression on undifferentiated and RA-differentiated SH-SY5Y cells. (A) Undifferentiated SH-SY5Y
cells were transfected with either HM-Vec or HM-HN1 plasmids and immunoblotting was performed on protein lysates collected at 48 h
posttransfection. Antibodies against HN1, geminin, 3-catenin, GSK3f, Akt, 3-tubulin, acetyl-a-tubulin, $-actin, and GAPDH were used for
WB analysis. (B) The cells (10%) from (A) were fixed and stained with PI before flow cytometry. The FlowJo v10 software was used for
analyzing cell population percentages in G1, S, and G2 (also M) are plotted (mean values), where gray bars represent HM-Vector and black
bars represent HM-HN1 sample. Multiple unpaired ¢ test was performed on flow cytometry data and statistically significant different
samples are highlighted with * sign. (C) RA-differentiated SH-SY5Y cells were transfected with either HM-Vector or HM-HN1 plasmids and
immunoblotting was performed on protein lysates collected at 48 h posttransfection. Antibodies against HN1, geminin, Cdtl1, $-catenin,
GSK3p, Akt, B-tubulin, acetyl-a-tubulin, and GAPDH were used for WB analysis. Graphical representation was given as histogram, where
the fold change for each protein expression was calculated as RA/undiff w/wo HN1 expression. Two independent repeats for WB for (A) and
(C) for HN1, GSK3, and a-acetyl-tubulin are shown in Supporting Information. (D) The cells (10%) from (C) were fixed and stained with PI
before flow cytometry. The FlowJo v10 software was used for analyzing cell population percentages in G1, S, and G2 (also M) are plotted
(mean values), where gray bars represent HM-Vector and black bars represent HM-HN1 sample. Multiple unpaired ¢ test was performed on
flow cytometry data and statistically significant different samples are highlighted with * sign. (E) The effect of removal of RA from RA-
differentiated cells was measured by first differentiating SH-SY5Y cells with RA treatment (10 uM) for 2 weeks and then RA was removed
from cell-culture media for indicated periods (2, 4, and 6 days) and immunoblotting was performed with anti-HN1 and anti-f-actin
antibodies. (F) The effects of the GSK3f and Akt inhibitions were measured in undifferentiated and RA-differentiated SH-SY5Y cells. Total
of 10 uM SB216763 (GSK3-f inhibitor) and 25 uM LY294002 (PI3K/Akt kinase inhibitor) were used, and exposure of the inhibitors was 6 h.
For WB analysis anti-HN1, anti-pGSK3p®°Y, anti-B-Akt, and anti-B-actin were used. The independent repeats and histograms and related
two-way ANOVA analysis are shown in the Supporting Information data. The difference between undifferentiated versus RA-differentiated
samples is statistically significant p < 0.05. (G) Undifferentiated and RA-differentiated SH-SY5Y cells were transfected with either HM-Vec
or HM-HN1 plasmids and immunoblotting was performed on protein lysates collected at 48 h posttransfection. Antibodies against HN1,
Cdk2, Skp2, GAP43 and f-actin were used for WB analysis. All blots were normalized to $-actin. ANOVA, analysis of variance; FBS, fetal
bovine serum; PI, propidium iodide; RA, retinoic acid; WB, western blot.



OZAR Er AL.

demonstrating that HN1 is involved in regulating (-
catenin related events (Figure 3A,C), likely influencing
the transcriptional profiling for the differentiation.
Furthermore, the p-catenin level remains stable upon
RA-differentiation in controls w/o HN1 overexpression,32
its upregulation is associated with neuronal differentia-
tion and survival.*® Therefore, cells stabilized for HN1
demonstrating upregulated {-catenin levels, implying
that HN1 increases the survival phenotype of both
undifferentiated and RA-differentiated SH-SY5Y cells.
The Akt levels also increased in undifferentiated cells
(Figure 3A) and decreased in RA-differentiated cells
(Figure 3C) when HN1 was overexpressed. The Akt
upregulation has been regarded as an indication of
differentiation of SH-SY5Y cells,**** therefore, Akt
decrease in RA-differentiated cells indicates that HN1
acts as a dedifferentiating factor in SH-SY5Y cells.
Furthermore, HN1 overexpression stabilized cytoskeletal
factors such as f-tubulin and a-acetylated-tubulin (from
two independent experiments shown in File S2;
Figure S3) in undifferentiated SH-SY5Y cells, which are
downregulated in RA-differentiated cells.

The cells released from RA for up to 6 days after
differentiation exhibit a significant stabilization of HN1,
implying that RA suppresses HN1 in SH-SY5Y cells
(Figure 3E). Since GSK3f activity is required for the
differentiation of SH-SYSY cells,®" the effect of GSK3p
inhibition wusing its inhibitor was evaluated in
undifferentiated and RA-differentiated SH-SYSY cells.
GSK3f inhibition stabilized HN1 protein levels in both
cases, implying that HN1 downregulation during RA-
differentiation could be due to GSK3@ signaling
(Figure 3F) (at least from two independent experiments
shown in File S2; Figure S4). It has already been
established that GSK3f is an upstream kinase of HN1'®
(Figure S5). Moreover, RA-differentiation induces PI3K/
Akt signaling as well,** however, the inhibition of this
pathway using LY294002 did not alter HN1 levels in
undifferentiated SH-SY5Y cells, but reduced HN1 levels
in RA-differentiated cells (Figures 3F and S5), further
suggesting that HN1 is a dedifferentiating factor in
neuroblastoma cells (from two independent experiments
shown in File S2; Figure S3).

To reveal the direct impact of HN1 overexpression on
mature neuronal marker (GAP43),*® we repeated our
experiment and performed western blot analysis to show
that HN1 overexpression upon plasmid transfection
reduces the expression of GAP43 in both undifferentiated
and RA-differentiated SH-SY5Y cells (Figure 3G). Con-
versely, Cdk2 expression indicating the progression of
cell cycle, was increased in HN1 overexpressed samples,
implying that HN1 functions in promoting the growth of
SH-SY5Y cells and in RA-treated cells, therefore, it leads

to the progression of cell cycle which is linked with
dedifferentiation of neuronal populations.’” Moreover,
Skp2 degradation has been linked with neuronal
differentiation with RA-treatment,>® here we showed
that HN1 overexpression in both undifferentiated and
RA-differentiated SH-SYS5Y cells, Skp2 is accumulated as
compared to control cells. This line of evidence further
strengthens our hypothesis that HN1 is involved in
regulating dedifferentiation of SH-SYS5Y cells.

3.3 | Microtubule dynamics control
HN1 levels in undifferentiated and
RA-differentiated SH-SY5Y cells

Microtubule outgrowth in neurites due to the differentiation
process is prominent in SH-SY5Y cells.*” We investigated the
microtubule polymerization and de-polymerization effect of
HN1 expression in undifferentiated and RA-differentiated
SH-SY5Y cells. We observed that RA-differentiated cells have
depleted HN1 staining in comparison to undifferentiated SH-
SY5Y cells (Figure 4A). Furthermore, the Nocodazole
treatment led to the destabilization of HN1 and f-tubulin
expression levels, whereas using taxol increased HN1
expression, distribution, and microtubule polymerization
(Figure 4A-C). The immunoblotting with the same experi-
mental design showed that in undifferentiated SH-SY5Y
cells, HN1 levels correlated with (-tubulin upon using
nocodazole (Figure 4B) and taxol (Figure 4C) (from three
independent experiments shown in File S2; Figures S6
and S7). However, in RA-differentiated cells, HN1 levels
increased slightly upon nocodazole treatment, which
depolymerizes microtubules, further showing that in differ-
entiated neurons, microtubule depolymerization stabilizes
HN1, whereas taxol treatment also increased HN1 as well as
tubulin in RA-differentiated cells. Thus, HN1 expression
level or stability correlates with microtubule dynamics in
SH-SY5Y cells.

3.4 | HN1 is a dedifferentiation factor
involved in promoting the cell cycle in
neuroblastoma cells

Since HN1 has been implicated in cell cycle regula-
tion,'>'® the temporal response of HN1 manipulation can
give insights into its function, therefore HN1 inducible
expression system was established. The effect of induc-
ible HN1 expression on N- and S-type populations of
SH-SY5Y cells was measured. HN1 overexpression
demonstrated with HN1-Venus expression showed an
increase in S-type populations of SH-SY5Y cells as
compared to Venus-expressing cells (Figure 5A,B). The
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FIGURE 4 HNI1 levels are correlated with microtubule dynamics in SH-SYS5Y cells. (A) Undifferentiated and RA-differentiated
SH-SYS5Y cells grown on cover slips were treated with nocodazole (165 nM) or taxol (51nM) for 1 h and fixed with methanol and processed
for immunofluorescence microscopy. HN1 was labeled with anti-Alexa Fluor-488 (green) secondary antibody and {-tubulin was stained

with anti-Alexa Fluor-594. DAPI was used for nuclear staining. Scale bar representing 10 um is shown. (B) Undifferentiated and
RA-differentiated SH-SYS5Y cells treated with nocodazole (165 nM) for 1 h were processed for immunoblotting with anti-HN1, anti-f-tubulin
and anti-B-actin antibodies. (C) Undifferentiated and RA-differentiated SH-SY5Y cells treated with taxol (5 nM) for 1 h were processed for
immunoblotting with anti-HN1, anti-B-tubulin, and anti-8-actin antibodies. The (B) and (C) experiments were repeated three times, WB and
associated statistical two-way ANOVA analysis is shown in Supporting Information. The difference between undifferentiated versus
RA-differentiated samples is statistically significant p < 0.001 for nocodazole whereas not for taxol treatment p > 0.05. ANOVA, analysis of
variance; DAPI, 4’,6-diamidino-2-phenylindole; RA, retinoic acid; WB, western blot.

N-type and S-type distribution parameters have been
explained previously.*® The enrichment of S-type cells in
HN1 overexpressed cells demonstrates that HN1 expres-
sion is linked with the dedifferentiation of SH-SYS5Y cells.
In the HN1-Venus sample, the G2-M phase of the cell
cycle increased significantly (Figure 5C), which is
consistent with the previous data (Figure 3).

The effect of HN1 overexpression on nuclear
accumulation of §-catenin and geminin was measured
using fractionation of cellular lysates after plasmid
transfection in both undifferentiated (RA—) and
RA-differentiated (RA+) SH-SYS5Y cells (Figure 5D).
HNT1 increased the nuclear accumulation of -catenin
in both undifferentiated and RA-differentiated

cells. Nuclear accumulation of f-catenin has been
demonstrated as a factor of dedifferentiation of
RA-differentiated SH-SY5Y cells upon GSK3 inhibi-
tion.>® Therefore, HN1 overexpression leads to a
similar phenotype and increase in the S-type popula-
tion, further strengthening the hypothesis that HN1 is
a dedifferentiating factor.

HN1 overexpression stabilized geminin levels more
prominently in undifferentiated cells (Figure 5D) in the
nucleus, showing a G2-phase increase as it was shown
previously. Concurrently, stable expression of HN1 in
HN1-Venus expressing cells led to a significant increase
in BrdU accumulation (Figure 5E,F), showing that
HN1 overexpression increases the replicative and/or
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FIGURE 5 HNI1 overexpression increases S-type SH-SY5Y cells, accumulates b-catenin in nucleus, and augments BrdU incorporation.
(A) The SH-SY5Y cells stabilized with pCW57.1-Venus and pCW57.1-HN1-Venus viral particles were subjected to doxycycline (0.5 ug/mL)
treatment for 3 days and photographed under an inverted fluorescence microscope. The individual cells positive for Venus and HN1-Venus
are marked with arrows and stars, where arrows represent N-type and stars represent S-type SH-SYSY cells. (B) The statistical data was
plotted to compare the number of N-type and S-type cells in Venus and HN1-Venus expressing cells for both 3 and 4 days of doxycycline
treatments. The two-way ANOVA test was performed, and statistically significant groups of matched samples are shown with * sign. (C) The
pCW57.1-Venus and pCW57.1-HN1-Venus cells treated with doxycycline (0.5 ug/mL) were fixed with ethanol and stained with PI and
analyzed for DNA content analysis. The graph represents the mean number of G1, S, and G2/M populations in Venus and HN1-Venus
expressing SH-SYS5Y cells. (D) The effect of HN1 overexpression on nuclear-cytoplasmic localization of different proteins was measured in
undifferentiated and RA-differentiated SH-SY5Y cells by transfecting HM-Vector and HM-HN1 plasmids. The cytoplasmic and nuclear
fractions were immunoblotted with antibodies against HN1, 3-catenin, geminin, lamin B1, and GAPDH. (E) The pCW57.1-Venus and
pCW57.1-HN1-Venus cells treated with doxycycline (0.5 pg/mL) for 3 days. One hour before cells were fixed with paraformaldehyde and
methanol subsequently, cells were treated with BrdU. After fixation, cells were probed with anti-BrdU primary antibody and then secondary
Alexa-594 (mouse). DAPI was used to stain nuclei. (F) The BrdU-positive Venus and HN1-Venus expressing cells were counted (n = 3) and
mean BrdU-positive cell percentages were graphed. ANOVA, analysis of variance; DAPI, 4’,6-diamidino-2-phenylindole; PI, propidium
iodide; RA, retinoic acid; WB, western blot.

proliferative SH-SY5Y cells, thus promotes the de- analysis. SH-SY5Y cells were differentiated using RA
differentiation of neuroblastoma cells, perhaps more in  treatments and HN1 levels were confirmed as lower
S type. upon RA-differentiation. Furthermore, HNI coexpres-
sion network analysis was performed to find the putative
pathways of HNI-related genes as described previously.'”
4 | DISCUSSION The cell cycle pathways are enriched in the network and
HN1 levels remain higher in the S-phase of the cell cycle
HNI1 is an oncogene previously shown as overexpressed (Figure 2). Recently, it was established that HN1 levels
in many cancers.”'>*"** In a glioma model, HN1 was  are enriched in S-phase with phosphorylation form
involved in advanced tumorigenesis or malignant tumors appearing in mitosis.'"® Therefore, the present data
of the brain.*' Here, we showed that HN1 is significantly ~ complies with previous reports.
overexpressed in neuroblastoma samples as compared to HN1 overexpression changes cell cycle distribution in
control counterparts (Figure 1). Moreover, it was prostate cancer cells, where S-phase accumulation has
discovered that HN1 levels remained lower in PD and been reported,">'® however in neuroblastoma cells
RA-differentiated SH-SY5Y cells using bioinformatics (SH-SY5Y), HN1 overexpression increased accumulation



in G2-M phase (Figure 3) in both undifferentiated and
RA-differentiated SH-SY5Y cells (Figure S1). This data
indicates that HN1 is a cell cycle regulatory factor in
neuronal progenitors, as neurons are postmitotic and
HN1 expression is enriched in S-phase. In prostate
cancer cells, HN1 inhibits the Akt-mediated GSK3f
signaling via direct interactions with S9-phosphorylated
GSK3p.** HN1 also inhibited the B-catenin via proteaso-
mal degradation and influenced the p-catenin-E-
cadherin interaction negatively, leading to an invasive
migratory profile in Prostate cancer cells with cyto-
skeletal reorganization.'? Here, we showed that HN1
overexpression increases GSK3@ in undifferentiated SH-
SY5Y cells but GSK3f inhibition stabilizes HN1 in both
undifferentiated and RA-differentiated SH-SY5Y cells.
Furthermore, HN1 interacts with GSK3f to stabilize
MYC to induce tumorigenesis in hepatocellular carci-
noma, where it is considered a potential target for
therapy.*> GSK3p is one of the upstream kinases of -
catenin as well as HN1.'® Therefore, in RA-
differentiation, HN1 inhibition could be the result of
GSK3p activity as GSK3 inhibition has been established
as a major mechanism of inhibition of RA-mediated
differentiation of SH-SY5Y cells.*’

HN1 overexpression resulting in the reduction of
mature neuronal marker GAP43 (Figure 3)*** is strong
evidence that HN1 plays a role in dedifferentiation of
neurons. Furthermore, HN1 overexpression promoted
the expression of Cdk2 and enhanced Skp2, leading to
the progression of cell cycle in RA-differentiated cells as
well. HN1 also interacts with Stathmin 1, which acts as a
microtubule destabilizing protein, reduces acetylation of
a-tubulin and increases the epithelial-mesenchymal-
transition in ATC.'* Here, we showed that in
undifferentiated SH-SY5Y cells, HN1 overexpression
increased acetyl-a-tubulin and decreased it in RA-
differentiated SH-SYS5Y cells suggesting that the HN1
has a regulatory role in balancing differentiation and
progression of the cell cycle (Figure 3). Moreover, HN1
levels were correlated with microtubule dynamics in SH-
SY5Y cells (Figure 4), indicating that HN1 is regulated
via cytoskeletal factors as well. RA treatment also led to
the accumulation of f-catenin in the nucleus in SH-SY5Y
cells (Figure 5), without significant change with HN1
expression, suggesting that the HN1 has a role in
dedifferentiation of SH-SY5Y cells through cell cycle
regulation.”> Moreover, HN1 overexpression increased
the S-type SH-SY5Y populations, demonstrating a
dedifferentiation phenotype. Therefore, HN1 is clearly
involved in the dedifferentiation of SH-SY5Y cells via cell
cycle regulation and microtubule dynamics. Further
mechanistic insights are required to understand the role
of HN1 in these mechanisms.

OZAR ET AL.

5 | CONCLUSION

This is the first report investigating HN1 in the context
of neuroblastoma or RA-differentiated SH-SY5Y cells.
We discovered that HN1 levels are enriched in S-phase
and correlates with dedifferentiation of neurons.
Moreover, RA induction of differentiation downregu-
lates HN1 significantly. The expression of HN1 is also
associated with microtubule dynamics. HN1 over-
expression leads to change in cell cycle distribution
as evident in increased G2-M populations and geminin
levels. Nuclear accumulation of f-catenin in RA-
differentiated cells upon HN1 overexpression demon-
strates the role of HN1 in dedifferentiation of
neuroblastoma cells.
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