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Abstract

Muller cells (MCs) play a crucial role in the retina, and cultured MC lines are
an important tool with which to study MC function. Transformed MC lines have
been widely used; however, the transformation process can also lead to
unwanted changes compared to the primary cells from which they were
derived. To provide an alternative experimental tool, a monoclonal novel
spontaneously immortalized rat Muller cell line, SIRMu-1, was derived from
primary rat MCs and characterized. Immunofluorescence, western blotting and
RNA-sequencing demonstrate that the SIRMu-1 cell line retains similar
characteristics to cultured primary MCs in terms of expression of the MC
markers cellular retinaldehyde-binding protein, glutamine synthetase, S100,
vimentin and glial fibrillary acidic protein at both the mRNA and protein levels.
Both the cellular morphology and overall transcriptome of the SIRMu-1 cells
are more similar to primary rat MCs than the commonly used rMC-1 cells, a
well-described, transformed rat MC line. Furthermore, SIRMu-1 cells
proliferate rapidly, have an effectively indefinite life span and a high
transfection efficiency. The expression of Y chromosome specific genes
confirmed that the SIRMu-1 cells are derived from male MCs. Thus, the
SIRMu-1 cell line represents a valuable experimental tool to study roles of

MCs in both physiologic and pathologic states.

Keywords: Miiller cell; spontaneously immortalized cell; SIRMu-1; retina; cell

culture
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List of abbreviations

CMF-HBSS, calcium- and magnesium-free Hank’s balanced salt solution
cpm, count per million reads

CRALBP, cellular retinaldehyde-binding protein
DAPI, 4’,6-diamidino-2-phenylindole dihydrochloride
DEGs, differentially expressed genes

FBS, fetal bovine serum

FDR, false discovery rate

GFAP, glial fibrillary acidic protein

GO, gene ontology

GS, glutamine synthetase

HBSS, Hank’s balanced salt solution

HPV, human papillomavirus

MCs, Miller cells

MEM, minimal essential medium

MRNA-seq, mRNA sequencing

NG2, neuron glial antigen-2

PBS-HS, horse serum in phosphate-buffered saline
PEI, polyethylenimine

RPE, retinal pigmented epithelial

RPKM, reads per kilobase per million

SIRMu, spontaneously immortalized rat Muller cells
SIRMu-1, spontaneously immortalized rat Muller cell line

SV40, simian virus 40
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1. Introduction

Miiller cells (MCs) are the major type of glial cell of the vertebrate retina. They
have diverse functions, including mechanical support of the neural retina,
removal of neurotransmitters from the extracellular space, spatial buffering of
potassium cations, storage of glycogen, and possible transfer of substrates for
cellular metabolic reactions to neighboring neurons (Bringmann et al., 2006;
Vecino et al., 2016). Since they span the entire thickness of the retina, MCs
have also been proposed to guide light to photoreceptors in the inner retinal
layer, reducing light scattering and increasing visual acuity (Franze et al.,
2007; Labin and Ribak, 2010). Stressed MCs undergo gliosis and have been
shown to dedifferentiate into multipotent progenitor cells which can
subsequently differentiate into retinal neurons, including photoreceptors
(Bringmann et al., 2006; Jadhav et al., 2009; Jayaram et al., 2014; Lawrence
et al., 2007; Ramirez et al., 2012; Vecino et al., 2016). Experimental systems
using cultured primary MCs enable detailed biochemical analysis of this
important cell type, and allow chemical and genetic manipulation (Linser and
Moscona, 1979; Sarthy, 1985; Savage et al., 1988). However, analysis of
primary cells is restricted by difficulties in acquiring and maintaining the cells,
slow proliferation rates, early senescence, and low transfection efficiency

(Roque et al., 1997; Sarthy et al., 1998).

As an alternative to primary MCs, numerous studies use immortalized MCs,
which proliferate rapidly, do not senesce and are relatively easy to maintain
and manipulate. These immortalized MCs have been largely generated by

transformation of primary cells with viral oncogenes. The rMC-1 and the RMC
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HPV-16 E6/E7 rat MC lines, for example, were immortalized by transfecting
primary MCs with simian virus 40 (SV40) DNA and by transducing with human
papillomavirus (HPV) type 16 E6 and E7 viral construct, respectively (Roque
et al., 1997; Sarthy et al., 1998). However, the transformation process can
alter other characteristics in addition to proliferation and life span compared to
primary cells, such as cellular morphology (Sarthy et al., 1998) and
metabolism (Bissell et al., 1972). Hence, spontaneously immortalized cell lines
which have not been intentionally transformed by exogenous reagents often
retain a greater similarity to primary cells than transformed cells, and therefore

serve as a more relevant experimental tools.

To provide an alternative and valuable model for MC research, we established
and characterized a novel spontaneously immortalized rat Muller cell line,
SIRMu-1. The MC-like characteristics of this monoclonal line are described in
relation to primary rat MCs and the commonly-used transformed rat MC line
rMC-1 (Sarthy et al., 1998), including cellular morphology, expression of MC
and other retinal cell marker proteins, a comprehensive transcriptomic analysis

and transfection efficiency.

2. Materials and Methods

2.1 Primary rat mixed retinal, MC and retinal pigmented epithelial (RPE)
cell cultures

Sprague-Dawley rats were used for the generation of primary MC cultures.
Handling of these animals conformed to the Australian Code of Practice for the

Care and Use of Animals for Scientific Purposes 2004, and the ARVO
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Statement for the Use of Animals in Ophthalmic and Vision Research. Mixed
retinal cell cultures consisting of neurons, photoreceptors and glial cells were
prepared from litters of 1-5 day post-natal pups using a trypsin-mechanical
digest method as described previously (Wood et al., 2005; Wood et al., 2003).
Briefly, freshly dissected rat pup retinas were incubated for 5 minutes in a
shaking water bath in sterile incubation medium (5.4 mM KCI, 116 mM NacCl,
0.096 mM NaH2PO4-2H20, 19.5 mM glucose, 0.15 mM MgSOa4, 23.8 mM
NaHCOs, 3 g/L bovine serum albumin, 10 mg/L phenol red) containing 0.1
mg/ml trypsin. After allowing tissue to settle for an additional 5 minutes, the
trypsin/incubation medium was removed and replaced with incubation medium
containing 1,000 U DNAse (bovine pancreas, type Il), soybean trypsin inhibitor
(type I-S, 0.667 mg/ml) and 0.19 mM MgSOa. After a further 5 minutes,
trituration was carried out with a flame-rounded glass pipette until all tissue
had been dissociated. After a brief centrifugation (180 g / 5 minutes / 4 °C)
dissociated retinal cells were resuspended and then grown in minimal
essential medium (MEM, +Earle’s Salts, -L-glutamine, #11090, Life
Technologies Australia, Scoresby, VIC, Australia) containing 10% fetal bovine
serum (FBS), 87 mg/L gentamicin sulfate, 2.2 mg/L amphotericin B, 25 mM
glucose and 2 mM L-glutamine. Cultures were maintained in a humidified
incubator at 37°C, 5% CO2 without disruption for 7 days, and then continuously
maintained with medium changed every 3 days for 28-42 days until almost all
other cell types died and detached from the culture vessel surface, leaving
predominantly MCs (Osborne, 1990; Wood et al., 2005). Once isolated, MC
cultures were grown as above but with 20% FBS, and used at passage

numbers 2-4 for experiments.
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Production of primary RPE cell cultures was based on a method described
previously (Mayerson et al., 1985). Litters of 10-12 day old Dark Agouti rat
pups were used to generate cultures. Briefly, enucleated eyes from pups were
washed in Hank’s balanced salt solution (HBSS with 1.26 mM CaClz, 0.49 mM
MgCl2.6H20, 0.41 mM MgS04.7H20, #14025-092, Life Technologies
Australia), containing 50 pg/ml gentamicin and 100 pg/ml kanamycin. Intact
eyes were subsequently incubated in HBSS containing 100 U/ml of
collagenase and 50 U/ml hyaluronidase for 60 minutes followed by incubation
in calcium- and magnesium-free HBSS (CMF-HBSS) containing 1 mg/ml
trypsin for 60 minutes. Eyes were transferred to growth medium (MEM
containing 2 mM L-glutamine, gentamicin/kanamycin as above, and 20%
FBS), where they were opened via a circumferential incision immediately
below the ora serrata and the anterior segment, and vitreous and retina were
discarded. RPE sheets were brushed out of eye-cups in fresh growth medium,
rinsed and incubated in CMF-HBSS containing 1 mg/ml trypsin for 5 minutes.
RPE cells were mechanically dissociated, centrifuged (180 g / 5 minutes / 4
°C) and adjusted to 1,000 cells/mm? in growth medium. Cultures were
maintained in growth medium and were used at passage number 2 for

experiments.

2.2 Establishment of a spontaneously immortalized rat MC line and
monoclonal isolation.
Rapidly-proliferating, spontaneously immortalized cells were derived from

primary MCs in a mixed retinal cell culture and cultured in MEM containing
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20% FBS (unless otherwise stated), 25 mM glucose and 2 mM glutamine at
37°C with 5% CO2. A monoclonal line was isolated from these cells by 2
sequential rounds of single cell cloning by serial dilution. For each round,
4,000 cells were added to well Al of a 96-well plate. Serial %2 dilutions were
performed vertically down the first column on the plate (wells A1-A8). Each of
these wells were then serially diluted %2 horizontally across the plate. Culture
medium was added to each well to give a final volume of 200 pl, and plates
incubated for 14-20 days. Single clones were selected as a single colony of
growth at the highest dilutions across the plate. After 2 sequential rounds of
single cell isolation 8 monoclonal lines were generated, all of which retained a
similar morphology to primary MCs and a rapid proliferation. One was
expanded and named the spontaneously immortalized rat Muller cell line

SIRMu-1. SIRMu-1 cells of passage numbers 6-22 were used for experiments.

2.3 Culture of the rMC-1 cell line

The rMC-1 cells were a kind gift of Dr Vijay Sarthy (Northwestern University,
Chicago, IL, USA), obtained from Dr Binoy Appukuttan (Flinders University,
Adelaide, SA, Australia), and maintained under the same conditions as the
SIRMu-1 line but with 10% FBS. Cells of passage numbers 23-34 were used

for experiments.

2.4 Immunocytochemical analysis
Immunofluorescence was performed as previously described (Wood et al.,
2012) with minor modifications as outlined below. Cells seeded on coverslips,

coated with 0.2% gelatin in phosphate-buffered saline (PBS), were fixed with

This article is a preprint.



4% paraformaldehyde/PBS for 20 minutes, washed with PBS, permeabilized
by incubating in 0.1% triton X-100/PBS for 15 minutes at room temperature,
washed with PBS, and blocked with 3.3% (v/v) horse serum/PBS (PBS-HS) for
15 minutes at room temperature. Primary antibody incubation was performed
overnight at room temperature using antibodies diluted in PBS-HS against
vimentin, SV40 T-antigen, S100, glial fibrillary acidic protein (GFAP),
rhodopsin, blue cone opsin, tau, CD11b, neuron glial antigen-2 (NG2), and
RPEG65 (Table 1). The following day, cells were incubated for 1 hour at room
temperature with secondary antibodies (1:250 to 1:500 dilutions; Life
Technologies Australia): anti-mouse Alexa Fluor 594 (#A11005, #A21203),
anti-rabbit Alexa Fluor 594 (#A21207), anti-rabbit Alexa Fluor 488 (#A21206),
and anti-goat Alexa Fluor 594 (#A11058) antibodies. Nuclear counterstaining
was performed with 500 ng/mL 4’,6-diamidino-2-phenylindole dihydrochloride
(DAPI; #D8417, Sigma-Aldrich, Castle Hill, NSW, Australia). Cell coverslips
were mounted onto glass slides with a fluorescence-protecting mounting
medium (ProLong Gold Antifade Mountant, #P10144, Life Technologies
Australia) and visualized using fluorescence microscopy (Nikon Eclipse Ti

microscope, Nikon Australia, Rhodes, NSW, Australia).

2.5 Western blotting

Protein lysates were prepared in whole cell extract buffer (20 mM HEPES pH
7.8, 0.42 M NacCl, 0.5% Igepal, 25% glycerol, 0.2 mM EDTA, 1.5 mM MgCl2
with freshly added 1 mM DTT, 1 mM PMSF, 2 pug/mL aprotinin, 4 pg/mL
bestatin, 5 pug/mL leupeptin, and 1 pg/ml pepstatin), and quantified by Bio-rad

protein assay (#5000006, Bio-Rad Laboratories, Gladesville, NSW, Australia).
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Equivalent amounts of total protein were separated on 10% SDS-PAGE and
transferred to nitrocellulose membranes using a Trans-Blot Turbo Transfer
System (Bio-Rad Laboratories). Membranes were blocked with 10% (w/v)
skimmed milk in PBS containing 0.1% nonionic detergent (TWEENZ20,
#P1379, Sigma-Aldrich) for 1 hour at room temperature, incubated overnight
at 4°C with primary antibodies for glutamine synthetase (GS), cellular
retinaldehyde-binding protein (CRALBP), and a-tubulin (Table 1) diluted in 2%
skimmed milk in 0.1% TWEENZ20/PBS, and detected using horseradish
peroxidase-conjugated secondary antibodies (goat anti-mouse IgG, #31430,
Life Technologies Australia, and goat anti-rat IgG, #ab6845, Abcam,
Melbourne, VIC, Australia; both at 1:5000 dilution) and visualized using
chemiluminescence and a Bio-Rad ChemiDoc Imaging system (Bio-Rad

Laboratories).

2.6 mRNA sequencing (MRNA-seq)

Primary MCs, SIRMu-1 and rMC-1 cells were trypsinised, pelleted and RNA
extracted with a mirVana miRNA Isolation Kit (#AM1561, Life Technologies
Australia). RNA samples (4 biological replicates of primary MCs of passage
numbers 3-4, 5 of SIRMu-1 cells of passage numbers 6-20, and 3 of rMC-1
cells of passage numbers 23-26) were submitted to the Australian Cancer
Research Foundation (ACRF) Cancer Genomics Facility (Adelaide, SA,
Australia), quality determined with an Agilent RNA 6000 Nano kit (#5067-1511,
Agilent Technologies, Santa Clara, CA, USA) on an Agilent 2100 bioanalyzer
and concentrations determined using a Qubit RNA HS assay kit (#Q32852,

Life Technologies Australia). 5 ng of enriched polyA RNA was used for library
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preparation by a KAPA stranded RNAseq HyperPrep kit (#KK8544, KAPA,
Cape Town, South Africa). Briefly, RNA was fragmented (approximate insert
length: 200 basepairs) and converted to cDNA, followed by end-repair and A-
tailing. Adapters compatible with lllumina sequencing were ligated to the cDNA
with an approximate adapter to molar insert ratio of 200:1, and a post-ligation
clean-up to remove excess adapters performed. The libraries were amplified
with 10 cycles of PCR and cleaned with 1X ratio of beads. Library sizes and
yields were confirmed using an Agilent High Sensitivity DNA kit (#5067-4626,
Agilent Technologies) with an Agilent 2100 bioanalyzer and diluted to 4 nM
stocks. Libraries were pooled in equimolar ratios and sequenced on an
lllumina NextSeq 500 system using a 75 cycle high output kit (#FC-404-2005,

lllumina, San Diego, CA, USA).

2.7 Analysis of mMRNA-seq data

Sequencing reads were mapped to the reference rat genome (Rnor_6.0) using
the STAR algorithm (Dobin et al., 2013). Raw count data were imported into R.
Genes that were either not expressed or expressed at very low levels (not
detected at greater than one count per million reads (cpm) for all samples of at
least one group) were filtered out of the analysis. Counts for the remaining
genes (10,236 genes) were normalised to library size and composition using
the “TMM” method in Bioconductor’'s EdgeR package (McCarthy et al., 2012;
Robinson et al., 2010). The TMM normalised data were used for generation of

the multidimensional scaling plot.
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Differential expression was determined using Bioconductor’s Limma package
which employs a linear modelling approach (Ritchie et al., 2015). A fold-
change threshold of 5 with a Benjamini-Hochberg corrected P-value of < 0.05
defined whether a gene was differentially expressed (Benjamini and
Hochberg, 1995). Gene ontology (GO) analysis was also performed.
Overrepresentation of GO-slim biological process terms (PANTHER
annotation version 13.1, released 2018-02-03) among lists of differentially
expressed genes, relative to the Rattus norvegicus reference list, was
assessed using the PANTHER statistical overrepresentation test (released
2017-12-05) (Mi et al., 2017). Fisher’s exact test with false discovery rate
(FDR) correction was used, and terms with a FDR < 0.05 were considered

overrepresented.

For generation of the heatmap showing expression of MC marker genes, TMM
normalised count data were further normalised to transcript length
(downloaded from the Ensembl database, release 91 (Zerbino et al., 2018),
Rnor_6.0, INSDC Assembly GCA_000001895.4) to obtain reads per kilobase
per million (RPKM) for each gene, and log-transformed by taking log2(RPKM +

1).

2.8 Transfection efficiency

SIRMu-1 and rMC-1 cells were seeded into a 24-well plate (20,000 cells per
well), and transfected 20-24 hours later with a plasmid encoding nuclear
Tomato fluorescence protein (500 ng per well) using either FUGENE HD

(#E2311, Promega Australia, Alexandria, NSW, Australia), FUGENE 6
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(#E2692, Promega Australia), Lipofectamine 2000 (#11668019, Life
Technologies Australia) or Polyethylenimine (PEI) (#23966-1, Polysciences,
Warrington, PA, USA) according to the manufacturers’ instructions, at a
transfection reagent:DNA ratio of 3:1. 24 hours after transfection the cells were
labelled with Hoechst 33342 nuclear stain (NucBlue Live ReadyProbes
Reagent, #R37605, Life Technologies Australia) and imaged using
fluorescence microscopy (Nikon Eclipse Ti microscope, Nikon Australia).
Transfection efficiency was calculated from proportions of Tomato
fluorescence-positive transfected cells to total cell numbers indicated by
nuclear staining. Cell counts were performed on three different fields of vision
for each sample using the Fiji (a distribution of ImageJ) software (Schindelin et

al., 2012). Data are presented as mean + SD of 3 independent experiments.

3. Results

3.1 Establishment and initial characterization of spontaneously
immortalized Rat Muller Cells

Primary MC cultures were generated by continuous culturing for 28-42 days of
mixed retinal cells derived from rat neonatal retinas, resulting in the loss of
retinal neurons and other cell types to leave an almost homogeneous
population of MCs (Osborne, 1990; Wood et al., 2005). The cultured primary
MCs were typically large, flat and adherent with a unique “ghost-like”
morphology, and a large nucleus (Fig. 1A) (Roque et al., 1997; Sarthy, 1985;
Sarthy et al., 1998; Vecino et al., 2016; Wood et al., 2005). Primary rat MCs
proliferate with a doubling time of approximately 7 days and typically senesce

after 4 to 8 divisions.
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After 28 days of culturing a batch of neonatal rat mixed retinal cells, a visible
colony of rapidly-proliferating cells was observed. These large cells had a
similar morphology to primary MCs (Fig. 1A). The proliferating cells were
passaged and continued to rapidly proliferate beyond 12 weeks, well after the
time which primary MCs would typically senesce (Sarthy, 1985). The doubling
time of these cells was approximately 2-3 days, and they retained a MC-like
morphology. As these cells had survived for more than 12 weeks in vitro, had
been derived under the commonly-used conditions to generate primary MC
cultures and had a characteristic morphology of MCs, it was hypothesized that
they originated from primary MCs, and not another retinal cell type. These
cells were maintained in culture, being passaged at 1:10 every 5-7 days. After
30 passages (approximately 7 months) these cells still proliferated rapidly and
maintained a morphology similar to primary MCs (data not shown). Arising
from primary cultures without having been transformed, they were named

spontaneously immortalized rat Muller cells (SIRMu).

Initial characterization was performed on early passage number cells (passage
number 6) to confirm that these SIRMu cells display common features of MCs.
Analysis by immunocytochemistry clearly shows that the MC marker vimentin
is expressed in the cytoplasm of every cell, similar to primary MCs and the
transformed rMC-1 cell line (Fig. 1B). Since the SIRMu cells were established
while the transformed rMC-1 cells were being cultured in the same facility, it
was important to confirm that the SIRMu cells were unique, and not simply a

potential contamination of primary MCs with rMC-1 cells, although the smaller,
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more elongated and spindle-like morphology of the rMC-1 cells (Fig. 1A)
indicated that such a contamination was unlikely. Hence, the SIRMu cells were
labelled for expression of the SV40 T-antigen used to generate the rMC-1 cells
(Sarthy et al., 1998). Figure 1C shows that as expected the rMC-1 cells label
strongly for the nuclear SV40 T-antigen, while both the primary MCs and the
SIRMu cells do not show any staining, demonstrating that the SIRMu cells are
a unique line of spontaneously immortalized cells. These SIRMu cells have
now been continuously cultured for more than 32 months and passaged over
140 times (greater than 400 population doublings), consistent with effectively

indefinite growth (Pirisi et al., 1987; Roque et al., 1997).

3.2 Monoclonal isolation of the SIRMu cells

To ensure purity of this spontaneously immortalized line, we generated a
single monoclonal line by performing 2 sequential rounds of cell cloning by
serial dilution on the SIRMu cells (from passage 9 of the original preparation).
The first passage after the first serial dilution was defined as passage number
1 for the isolated monoclonal line. This monoclonal line had a similar
proliferation rate and morphology to the original culture, and was named
SIRMu-1. Immunocytochemistry demonstrated that the monoclonal SIRMu-1
cells do not express the SV40 T-antigen and hence were not derived from

rMC-1 cells (Fig. 1C).

The SIRMu-1 cell line has been cultured in both 10% and 20% FBS, with

estimated doubling times of 36 and 30 hours, respectively. To date, it has
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been passaged over 40 times and has retained a similar morphology to

primary MCs.

3.3 Marker protein expression of the SIRMu-1 cells

To validate that the SIRMu-1 cells were derived from MCs,
immunocytochemistry was performed on primary MCs, SIRMu-1 and rMC-1
cells to detect expression of the commonly used MC markers vimentin and
S100, in addition to the glial cell marker GFAP (Lewis et al., 1988; Limb et al.,
2002; Roque et al., 1997; Sarthy et al., 1998) (Fig. 1B, 2A, 2B). The SIRMu-1
cells express all of these markers at similar levels to the primary MCs and the
rMC-1 cells. Western blotting analysis of two other MC markers, GS (Linser
and Moscona, 1979; Sarthy, 1985) and CRALBP (Bunt-Milam and Saari,
1983; Sarthy et al., 1998) (Fig. 2D) show that both the SIRMu-1 and the rMC-1
cells express GS, but at a lower level compared to primary MCs, and that all 3

cell lines express a low level of CRALBP.

In addition to MCs, other retinal cell types can be present in mixed retinal
cultures, including rod and cone photoreceptors, neurons, astrocytes,
microglia, pericytes, and RPE cells (Wood et al., 2005; Wood et al., 2012). To
confirm that the SIRMu-1 cells were not derived from other non-MC cell types,
immunofluorescence was performed for expression of rhodopsin (a marker of
rod photoreceptors), blue cone opsin (cone photoreceptors), tau (neurons),
CD11b (microglia), NG2 (pericytes), and RPEG5 (RPE cells) (Fig. 3). In
contrast to mixed retinal cultures, in which distinct populations of cells

positively label for rhodopsin, blue cone opsin, tau, CD11b and NG2, the
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SIRMu-1 cells do not show expression of any of these markers, with the
exception of NG2 where low levels of staining slightly above background are
visible (Fig. 3A-E). As expected, cultured primary rat RPE cells express
RPEG65, while the SIRMu-1 cells do not (Fig. 3I). Finally, although rat retinal
astrocytes can also be immunoreactive to vimentin, S-100, GFAP and GS
(Derouiche and Rauen, 1995; Mansour et al., 2008; Vecino et al., 2016), in
culture they have a characteristic star shape with a smaller nucleus (Vecino et
al., 2016) that is distinct from primary MCs and the SIRMu-1 cells, and they do
not express the MC-specific marker CRALBP observed in the SIRMu-1 cells
(Fig. 2D). Hence, it is clear that the SIRMu-1 were not derived from astrocytes.
Taken together these data strongly support the hypothesis that the SIRMu-1
cells originated from primary MCs rather than any other retinal cell type, and
that they retain MC-like characteristics, including their distinct morphology and

the expression of MC marker proteins.

3.4 Transcriptomic analysis of the SIRMu-1, primary MCs, and the rMC-1
To further characterize the SIRMu-1 cell line, the transcriptomes of the SIRMu-
1, primary MCs and rMC-1 cells were analysed using mRNA-seg. RNA was
isolated from 5 biological replicates of SIRMu-1 cells, 4 of primary MCs, and 3
of the rMC-1. To control for potential differences in gene expression between
cell types being due to differences in culture media, 2 out of the 5 SIRMu-1
RNA samples were isolated from cells grown in the presence of the antibiotic
gentamicin and the antifungal amphotericin B, to match the culture conditions
of the primary MCs, whereas the other 3 samples were isolated from SIRMu-1

cells grown in the absence of these drugs, which is the usual culture condition
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of SIRMu-1 and rMC-1 cells. The total RNA was polyA enriched, barcoded and
sequenced, with 44-84 million reads per sample (60 million average).
Transcripts from 10,236 different genes were detected at significant levels in

all cells.

Analysis of the sequences obtained showed that on average 98.25% of reads
per sample (range of 97.91-98.47%) mapped successfully to the rat genome,
confirming that all three lines are of rat origin. Based on overall gene
expression, a multidimensional scaling plot shows clustering of the RNA-seq
samples (Fig. 4A). Three distinct clusters of samples are evident, each
representing one of the distinct cell types, indicating that the sequencing
results were consistent among replicates within the same cell groups.
Importantly, the multidimensional scaling plot demonstrates that the
transcriptome of the SIRMu-1 cells is more similar to the transcriptome of the
primary MCs than the rMC-1 transcriptome is to the primary MCs. These data
also demonstrate that there are no large differences in gene expression
profiles between all of the 5 SIRMu-1 samples, including the 2 samples
derived from cells cultured in medium with gentamicin and amphotericin B,
indicating that the two drugs in the growth medium do not have a major effect

on the transcriptome.

Transcriptomic differences between groups were further examined by
comparing differentially expressed genes (DEGSs) between each of the two
immortalized cell lines and the primary MCs. Genes that were expressed at

very low levels or not expressed in all groups were first filtered out of the
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analysis, leaving 10,236 genes that were tested for differential expression.
Genes that were upregulated or downregulated greater than 5-fold compared
to the primary MCs were considered differentially expressed. A total of 10,036
genes (98% of the 10,236 expressed genes) were not differentially expressed
in the SIRMu-1 cell line compared to the primary MCs, with 200 genes
differentially expressed. Among these 200 DEGs, 13 genes were upregulated
and 187 were downregulated (Fig. 4B). In comparison, for the rMC-1 cells
9,304 genes (91%) were not differentially expressed compared to the primary
MCs, but 932 genes were, with 314 upregulated and 618 downregulated (Fig.
4B). These data indicate that both the SIRMu-1 and rMC-1 cell lines have a
similar transcriptome to the primary MCs, but that the SIRMu-1 cells are more

closely related to the primary MCs than are the rMC-1 cells.

Interestingly, among the 200 DEGs in the SIRMu-1 compared to primary MCs
and the 932 DEGs in the rMC-1 compared to primary MCs, there were 126
genes in common (Supplementary fig. S1A, supplementary tables S1). For the
remainder of the DEGSs, 74 genes are differentially expressed uniquely in the
SIRMu-1 cells, while 806 genes were differentially expressed uniquely in the
rMC-1 cells (Supplementary fig. S1A, supplementary tables S1). To assess
functional differences between each immortalized cell line and primary MCs,
GO analyses were performed using the PANTHER classification system. The
lists of genes differentially expressed in both cell lines with respect to primary
MCs were classified by GO-Slim biological process terms, and statistically
overrepresented terms were determined by comparison to their frequency in a

reference rat genome. There were no statistically significantly (FDR < 0.05)
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overrepresented biological process terms among the 74 genes differentially
expressed between SIRMu-1s and primary MCs, nor among the 126 genes
differentially expressed in both cell lines compared to primary MCs, possibly
due in part to the relatively low number of genes in these two groups.
However, there was significant overrepresentation of terms among the 806
genes differentially expressed between rMC-1s and primary MCs. The top 10
such terms by fold-enrichment are shown in supplementary figure S1B.
Consistent with being a highly-proliferative transformed cell line, a large
proportion of the DEGs in rMC-1 cells are involved in DNA replication and cell

division-related processes.

Next, expression of the transcripts encoding the MC marker proteins were
examined. The SIRMu-1 cells express similar levels of transcripts encoding
vimentin, S100, and GFAP to the primary MCs and rMC-1 cells, with
transcripts encoding GFAP expressed at low levels (Fig. 4C). SIRMu-1 and
rMC-1 cells also express GS transcripts, but at a lower level compared to the
primary MCs. All cell types express CRALBP transcripts at very low levels with
an average of 0.06, 0.15, and 1.16 cpm in primary MCs, SIRMu-1 and rMC-1
cells, respectively. These results are consistent with protein expression from
immunocytochemical and western blotting analyses (Fig. 1 and 2).
Furthermore, SIRMu-1 and rMC-1 cells express very low to undetectable
levels of transcripts encoding rhodopsin, blue cone opsin, tau, CD11b, and
RPEG65, markers used in the immunofluorescence analysis that are
characteristic of other retinal cell types including rod and cone photoreceptors,

neurons, microglia, and RPE cells (Fig. 3). Of note, while SIRMu-1 cells
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express transcripts encoding NG2, a pericyte marker, the levels are many fold
lower than the vimentin transcripts in these cells (Fig. 4C), and primary MCs
and rMC-1 cells also express NG2 at low levels. Together these data show
that the SIRMu-1 cells display a MC-like transcriptomic profile, and also
authenticate the MC characteristics of the rMC-1 cells used in the present

study.

Finally, we examined the expression of gender-specific genes between the
three different MC types. Compared to primary MCs, which were derived from
mixed litters presumed to contain both male and female pups, the SIRMu-1
cells show an upregulation of two Y chromosome-specific genes, Eif2s3y and
Ddx3, consistent with the SIRMu-1 cell line originating from a male pup. In
contrast, Eif2s3y and Ddx3 were not expressed at significant levels in the
rMC-1 cell samples, nor were any other Y chromosome-specific genes,

consistent with rMC-1 cell line being derived from a female rat.

3.5 Transfection efficiency

One key advantage of most immortalized cell lines is high transfection
efficiency with standard transfection reagents, such as cationic lipids,
compared to primary cells. To determine transfection efficiency of the SIRMu-1
cell line, various commercially-available lipid-based transfection reagents were
used to transfect SIRMu-1 cells with a fluorescence reporter gene, and
transfection efficiency was measured using fluorescence microscopy (Table
2). The transfection efficiency of the SIRMu-1 cells is between 7 and 14%,

which is similar to that achieved with the rMC-1 cells (6-24%), and
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approximately 10-fold higher than what we observed with the primary MCs

(1.9%).

4. Discussion

Immortalized rat MC lines generated via transformation, such as rMC-1
(Sarthy et al., 1998), RMC HPV-16 E6/E7 (Roque et al., 1997) and TR-MUL5
(Tomi et al., 2003), have been used extensively for the analysis of MC
function. Similar to the spontaneously immortalized human MC line MIO-M1
(Limb et al., 2002) and the spontaneously immortalized murine MC line
QMMuC-1 (Augustine et al., 2018) serving as an alternative model for studying
human and mouse MCs, respectively, the spontaneously immortalized SIRMu-
1 cells described here provide an alternative system for investigating MC
function in rat cells not transformed with viral oncogenes. Although the
mechanism of spontaneous immortalization remains to be ascertained, the

SIRMu-1 cells appear capable of proliferating indefinitely.

SIRMu-1 cells, like transformed rMC-1 cells, display key characteristics of
primary MCs, including the expression of an array of well-characterized MC
marker proteins (Fig. 1B and 2) and genes (Fig. 4C). The presence of
transcripts encoding the MC markers vimentin, GS and CRALBP (Fig. 4C) in
all 3 types of MCs investigated in the present study is consistent with
published reports on rat and mouse MC transcriptomes (Roesch et al., 2008;
Ueno et al., 2017; Zhao et al., 2015). Furthermore, the lack of expression of
key markers indicative of other major retinal cell types (Fig. 3) supports the

conclusion that SIRMu-1 cells were derived from primary MCs.
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While most MC markers were expressed at similar levels when comparing the
two immortalized lines and the primary MCs, at both the mRNA and protein
levels, the SIRMu-1 and the rMC-1 cell lines express GS at a lower level than
the primary MCs (Fig. 2D and 4C). GS catalyzes the conversion of glutamate
to glutamine in MCs, playing an important role in the neurotransmitter
recycling process, an essential function of MCs in support of retinal neurons
(Bringmann et al., 2006; Vecino et al., 2016). The decreased GS expression
levels may reflect changes due to extended propagation in culture in the
absence of retinal neurons, consistent with previous studies (Germer et al.,
1997; Hauck et al., 2003; Lewis et al., 1999; Lewis et al., 1989; Roque et al.,
1997). Similarly, this may also explain the low expression levels of the MC
marker CRALBP in all 3 types of MCs investigated (Fig. 2D). CRALBP in MCs
in vivo is involved in the recycling of photopigments derived from
photoreceptors (Das et al., 1992); the absence of functional light-sensitive
photoreceptors and prolonged culture likely leads to a decrease in CRALBP
expression (Hauck et al., 2003; Lewis et al., 1989; Pfeffer et al., 2016). In
addition, our finding that the cultured MCs express GFAP (Fig. 2B and 4C) is
consistent with a number of published studies (Limb et al., 2002; Roque et al.,

1997; Sarthy et al., 1998).

Overall, the transcriptome of the SIRMu-1 cells closely resembles the
transcriptome of primary MCs. The rMC-1 cells are also transcriptomically
similar to the primary MCs but to a lesser degree than are the SIRMu-1 cells.

While the rMC-1 cells do have a greater number of genes showing differential
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expression when compared to the primary MCs than the SIRMu-1 cells (Fig.
4B), this may be in part a function of the more consistent gene expression
profiles among the independent rMC-1 samples (revealed in the close
clustering for rMC-1 samples in Fig. 4A). Not surprisingly, genes encoding
proteins involved in DNA replication and cell cycle/division were
overrepresented in the rapidly-proliferating rMC-1 transcriptomes compared to
the primary MCs (Supplementary fig. S1B). In contrast, DNA replication and
cell cycle/division were not overrepresented in the list of genes differentially
expressed between the rapidly-proliferating SIRMu-1 cells and the primary
MCs, even when the stringency of differential expression was reduced to 2-
fold (data not shown). This may reflect differences between transformation
with viral oncogenes and the spontaneous immortalization observed here on
cell proliferation, or it may be that a transcriptomic analysis of more SIRMu-1
samples is required to detect significant changes in expression of genes
contributing to cellular proliferation. Furthermore, the rMC-1s cells were
derived from adult rats (Sarthy et al., 1998) which may contribute to the bigger
transcriptomic differences observed here between these cells and the primary
neonatal rat MCs used in this study, compared to between the SIRMu-1 and
the primary MCs. It is important to note, however, that the SIRMu-1 cells
retaining the distinct large, flat, ghost-like shape are morphologically similar to
both cultured primary adult rat MCs (Roque et al., 1997; Sarthy, 1985; Sarthy
et al., 1998) and cultured primary neonatal rat MCs (Wood et al., 2005) (Fig.
1A), in contrast to the smaller, fibroblast-like morphology of the rMC-1 cells
(Sarthy et al., 1998) (Fig. 1A). Given the well-established sex-related

differences in retinal function (Chaychi et al., 2015; Wagner et al., 2008), the
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male genotype of the SIRMu-1 cells compared to the female genotype of rMC-
1 cells also represents another important difference. It is also noteworthy that
while the SIRMu-1 cells are transcriptomically and morphologically similar to
primary MCs, other metabolic or functional properties of these cells are not

compared.

In summary, we present the establishment and characterization of the SIRMu-
1 cell line, which to our knowledge is the first spontaneously immortalized cell
line derived from primary rat MCs. SIRMu-1 cells display similar morphology
and gene expression profiles to primary MCs, but proliferate more rapidly,
have an effectively indefinite life span, and are more amenable to transfection.
Thus, these SIRMu-1 cells comprise a valuable new tool for investigation of

MC function and roles in retinal health and disease.
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Table 1. Primary antibodies used in the present study.

Cat. No.

Target protein  Species Source* Iclone Dilution
vimentin mouse  DAKO V9 1:500'F
SV40 T-antigen mouse  Abcam AB16879 1:50'F
S100 rabbit Sigma-Aldrich S2644 1:50'F
GFAP rabbit DAKO 2033429 1:100'F
GS mouse  BD Bioscience 610517 1:250W8
CRALBP mouse  Life Technologies MA1-813 1:250W8
a-tubulin rat Novus Biologicals NB600-506  1:2000WE
rhodopsin mouse  Abcam AB3267 1:1000F
blue cone opsin  goat Santa Cruz SC-14363 1:2000'F
tau rabbit DAKO A0024 1:5000'F
CD11b mouse  Ab D Serotec MCA275R  1:500'F
NG2 rabbit Merk Millipore AB5320 1:1000'F
RPE65 mouse  Santa Cruz SC-53489 1:1000'%

*Source location: Abcam, Melbourne, VIC, Australia; Ab D Serotec, Kidlington,
UK; BD Bioscience, Franklin Lakes, NJ, USA; DAKO, Sydney, NSW,
Australia; Life Technologies Australia, Scoresby, Victoria, Australia; Merk
Millipore, North Ryde, NSW, Australia; Novus Biologicals, Littleton, CO, USA,;
Santa Cruz Biotechnology, Paso Robles, CA, USA; Sigma-Aldrich, Castle Hill,

NSW, Australia.

Fdilution used for immunofluorescence; WBdilution used for western blotting.
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Table 2. Transfection efficiency of SIRMu-1 and rMC-1 cells.

Transfection reagent  SIRMu-1* rMC-1*

FuGENE HD 14 +7 16 + 1
FuGENE 6 76 6+2
Lipofectamine 2000 13+3 24 +6
PEIT 12+ 2 15+ 2

* Data are presented as mean + SD of 3 independent experiments.
T PEI, polyethylenimine.
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Legends

Figure 1. Initial characterization of SIRMu and SIRMu-1 cells.
Immunocytochemistry was performed on primary (1°) MCs, SIRMu, SIRMu-1
and rMC-1 cells. (A) Phase contrast images of cells fixed with 4%
paraformaldehyde/PBS. Cells were labelled with primary antibodies targeting
(B) vimentin and (C) SV40 T-antigen. (D) Anti-mouse Alexa Fluor 594
secondary (2°) antibody control, in the absence of primary antibody, for B and
C. DAPI was used for nuclear staining. Scale bar = 100 um and applies to all

images.

Figure 2. Expression of MC markers in SIRMu-1 cells. Immunocytochemistry
was performed on primary (1°) MCs, SIRMu-1 and rMC-1 cells, labelled for (A)
S100 and (B) glial fibrillary acidic protein (GFAP). (C) Anti-rabbit Alexa Fluor
488 secondary (2°) antibody control, in the absence of primary antibody, for A
and B. Scale bar = 100 um and applies to all images. (D) Western blots of 1°
MCs, SIRMu-1 and rMC-1 cells, probed for glutamine synthetase (GS) and
cellular retinaldehyde-binding protein (CRALBP). Expected band size of each
protein is shown in brackets. Arrows indicate target protein bands and

asterisks indicate non-specific bands.

Figure 3. Immunocytochemical analysis of retinal cell markers on SIRMu-1
cells. Primary (1°) mixed retinal cultures and SIRMu-1 cells were labelled for
(A) rhodopsin, (B) blue cone opsin, (C) tau, (D) CD11b and (E) NG2. (F) Anti-
mouse Alexa Fluor 594 secondary (2°) antibody control, in the absence of

primary antibody, for A and D. (G) Anti-goat Alexa Fluor 594 secondary

This article is a preprint.



antibody control for B. (H) Anti-rabbit Alexa Fluor 594 secondary antibody
control for C and E. (I) 1° retinal pigmented epithelial (RPE) cells and SIRMu-1
cells were stained for RPEG5. (J) Anti-mouse Alexa Fluor 594 secondary
antibody control for 1° RPE in I. See F for SIRMu-1 anti-mouse secondary
antibody control. DAPI was used for nuclear staining. Scale bar = 100 um and

applies to all images.

Figure 4. mRNA sequencing of MCs. (A) Multidimensional scaling plot of
normalised data for 12 RNA-seq samples. Red circles: primary (1°) MCs (4
biological replicates), Blue squares: rMC-1s (3 replicates), Green diamonds:
SIRMu-1s (5 replicates). 2 SIRMu-1 samples grown in the presence of the
antibiotic gentamicin and the antifungal amphotericin B are indicated by black
dots. (B) Bar graph showing numbers of significantly differentially expressed
genes which were either upregulated or downregulated at a fold-change of
greater than 5 in SIRMu-1 and rMC-1 cells compared to 1° MCs. (C) Heatmap
showing expression levels of MC marker genes. SIRMu-1 samples grown in
the presence of gentamicin and amphotericin B are indicated by asterisks.

RPKM, reads per kilobase per million.
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Supplementary materials

Supplementary table S1. Differentially expressed genes (DEGS) by a fold-
change of at least 5 relative to primary MCs from RNA-seq data. (A) DEGs in
both the SIRMu-1 and the rMC-1 cell lines relative to primary MCs. (B) DEGs
only in the SIRMu-1 cell line relative to primary MCs. (C) DEGs only in the
rMC-1 cell line relative to primary MCs. Downregulation is indicated by -1, and
upregulation by 1.

(Not included in this PDF. This table can be found at

https://doi.org/10.1016/j.exer.2019.01.013)

Supplementary figure S1. Differentially expressed genes in SIRMu-1 and
rMC-1 cells, compared to primary (1°) MCs. (A) Venn diagram displaying the
number of significantly differentially expressed genes at a fold-change of
greater than 5 in each immortalized cell line compared to 1° MCs. (B) Gene
ontology (GO) analysis of RNA-seq data. Bar graph showing significantly
overrepresented (FDR < 0.05) PANTHER GO-Slim Biological Process terms
among genes differentially expressed in rMC-1 cells relative to primary MCs,

compared to the background R. norvegicus genome.
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