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ABSTRACT

3D models are increasingly used to study mechanisms driving tumor progression and mimicking in vitro processes such as invasion and migra-
tion. However, there is a need to establish more protocols based on 3D culture systems that allow for downstream molecular biology investi-
gations. Materials & methods: Here we present a method for optimal RNA extraction from highly aggressive primary glioma cells invading into
Matrigel. The method has been established by comparing previously reported protocols, available commercial kits and optimizing specific steps
for matrix dissociation, RNA separation and purification. Results and conclusion: The protocol allows RNA extraction from cells embedded into
Matrigel, with optimal yield, purity and integrity suitable for subsequent sequencing analysis of both high and low molecular weight RNA.

METHOD SUMMARY

An optimized method for RNA extraction from highly invasive glioma cells embedded into Matrigel was achieved by using TRIzol, used for matrix
dissociation, cell lysis and RNA separation, in combination with a specific commercial kit used to perform the DNAse treatment and optimal
RNA purification on column. The method ensures optimal yield, good purity and integrity for analysis of high and low molecular weight RNA
molecules.

KEYWORDS:
3D e invasion e Matrigel @ miRNA @ MRNA e RNA

Several findings in oncogenesis and stem cell differentiation elucidate the disparities in cell behavior between 2D and 3D cultures [1-4].
In 2D, cells are removed from their physiological context and lack cell-cell and cell-matrix interactions, impacting not only on cell shape
and membrane composition but on the whole cell functionality [1,3-5]. The 2D/3D dissimilarity is profound for processes in which cells
‘move’ in the tissue, such as cell migration and invasion (crucial during embryogenesis), development and tissue regeneration, as well
as tumor progression [3,4,6].

For these reasons, during the last few decades we have seen a progressive increase in the use of 3D models in replacement of the
2D cell monolayers in different fields of research, including bioengineering, oncology and drug discovery [1,5-8]. 3D models combine
the versatility and reproducibility of an in vitro system with a proper veracity, without the variability, time and costs typical of in vivo
procedures [1,9]. The continuous development of new cell culture methods gave rise to a series of 3D models differing for cell types
used, their origins and differentiation states [9-13]. Spheroids, among the most common 3D culture models, are multicellular spheroidal
aggregates growing in suspension, in which cells establish cell-cell interactions and are exposed to gradients of oxygen and nutrients
from the surface to the core [12,14]. Although they reproduce the pathophysiological complexity of tumor tissues (albeit only at a basic
level), they are versatile, simple and suitable for high-throughput studies [12,14-16].

The development of 3D technologies has progressed in parallel with the advancements of new biomaterials mimicking the structural
and functional composition of extracellular matrices and basal membranes of the cell niches [3,5,6,11,17,18]. Biomaterials can be purely
natural (matrix-based systems), synthetic (scaffolds — porous cellular solids), or hybrids [3,5,11,18]. The most common include extracel-
lular matrix components such as laminin, collagen, fibrin and hyaluronic acid, used alone or mixed, forming hydrogels [3,5,11,18]. One of
the most used, Matrigel, is a basement membrane matrix derived from Engelbreth—Holm—-Swarm mouse sarcoma and is particularly
suitable for tumor growth, invasion and migration studies [14,16,19-21].
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The wide use and the progressive standardization of 3D culture methods is opening new frontiers from basic to more translational
research. However, more specific protocols need to be implemented in order to investigate complex 3D biological mechanisms related
to the invasion of cells into matrices like Matrigel. For instance, methods describing extraction of RNA from cells cultured in Matrigel
often refer to a 2D culture system with Matrigel-coated flasks or dishes [22,23]; there are few reports of RNA purification from cells
completely embedded in the matrix, and these are usually without any detailed information regarding possible variations in the RNA
extraction methodology.

Here we report on an RNA extraction procedure specifically adapted to purify RNA from highly invasive brain tumor primary patient-
derived cells embedded into Matrigel. The previous reported 3D invasion assay [14,16] has been modified to better capture tumor het-
erogeneity and optimized with the aim to obtain high yield and purity of high (e.g., mRNAs) and low molecular weight RNAs (e.g., small
RNAs and miRNAs) suitable for RNA sequencing analysis.

Three primary patient-derived cell lines from patients with diffuse midline glioma H3K27M mutant (DMG-H3K27M) were used: HSJD-
DIPG-007, OPBG-DIPG-002 and QCTB-R059. All the cell lines were tested for their authenticity by DNA fingerprinting (Eurofins Genomics
Germany GmbH, Ebersberg, Germany) (Table 1) and verified mycoplasma free. Cells were cultured in ‘Tumor Stem Media (TSM)’ as
previously described [24,25] and expanded as neurospheres (NSs). Once the NSs reached the diameter of 100-400 um, they were
collected and used for the invasion assay.

The invasion assay performed is a modification of the method previously described [16] and adapted to 24-well plates. See protocol in
the Supplementary data for detailed procedure.

Immunofluorescence was performed on cells invading into Matrigel from individual NSs (assay performed in 96-well plates; Corning,
NY, USA). The invasions were fixed with precooled 4% paraformaldehyde in phosphate -buffered saline (PBS) overnight, then washed in
PBS. Cells embedded into Matrigel were transferred from the 96-well plate to an Eppendorf tube, washed twice with 1% Triton™ X-100
in Immuno-Fluorescence Fetal Calf serum solution (IFF) (1% bovine serum albumin, 2% fetal calf serum in PBS), permeabilized with 1%
Triton X-100 in PBS for 45 min, then blocked for 1 h in 10% normal goat serum, 1% bovine serum albumin, 1% Triton X-100 in PBS. Cells
embedded into Matrigel were then incubated overnight at 4°C with phalloidin conjugated to tetramethylrhodamine (Invitrogen, CA, USA),
1:100 in IFF. Cell nuclei were counterstained with Hoechst 1:1000 in PBS for 15 min. Images were taken using a confocal microscope
(Leica TCS-SP8X laser-scanning, Leica Microsystems, Wetzlar, Germany).

Plates were incubated at 4°C for 45 min to let the matrix melt prior to starting RNA extraction. The protocols tested included two different
ratios of matrix:TRIzol™ (TRIzol Reagent; Life Technologies, MA, USA), 1:1 and 1:3, for matrix dissociation and cell lysis. Purification of
RNA was performed via centrifugation or in column. For column purification two different commercial kits were compared: Direct-Zol
RNA Isolation Kit (Zymo Research, CA, USA) and ReliaPrep miRNA Cell and Tissue Miniprep System (Promega, W|, USA). Both kits include
DNase treatment, but with different procedures: off-column and on-column, respectively.

Each RNA samples was checked for purity and yield on the NanoDrop™ (ThermoFisher Scientific, MA, USA). RNA concentration and
integrity were measured on the 2100 Bioanalyzer (Agilent Technologies, CA, USA) using the Total RNA 6000 Nano Kit (v. Il, Agilent).
Measurements were performed according to the manufacturer’s instructions. Electropherograms were analyzed using the Agilent 2100
Expert B.02.06 software. Table 2 summarizes the protocols tested with the reagents used in each critical step of the extraction process.

An amount of 300 ng total RNA was reverse transcribed using SuperScript™ Il Reverse Transcriptase (ThermoFisher) according to the
manufacturer’s instructions. Reactions were performed incubating samples for 30 min at 16°C, 30 min at 42°C, 5 min at 85°C and
finally cooling on ice. SensiMix Il Probe Kit (Bioling, Inc., TN, USA) was used to quantify the cDNA on a QuantStudio™ 12K Flex
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Protocol Matrix disaggregation and Precipitation Purification DNase Cleaning

index cell lysis treatment

A TRIzol ratio Isopropanol Centrifugation and super- No Wash in ethanol
TRIzol:Matrigel/medium natant
11 removal

B TRIzol ratio Ethanol 95-100% One extraction only: No Prewash buffer (x1)
TRIzol:Matrigel/medium column (Direct-Zol Kit) Wash buffer (X1)
11

Cc TRIzol ratio Ethanol 95-100% One extraction only: Yes, in column  Prewash buffer (x1)
TRIzol:Matrigel/medium column (Direct-Zol Kit) Wash buffer (x1)
11

D TRIzol ratio Ethanol 95-100% One extraction only: Yes, in column  Prewash buffer (x1)
TRIzol:Matrigel/medium column (Direct-Zol Kit) Wash buffer (x1)
31

E TRIzol ratio First extraction: isopropanol First extraction: column Yes, after the First extraction: wash buffer (x2)
TRIzol:Matrigel/medium Second extraction: ethanol 95% Second extraction: first elution Second extraction: wash buffer (x2)
31 column (ReliaPrep Kit)

F Promega lysis buffer First extraction: isopropanol First extraction: column Yes, after the First extraction: wash buffer (x2)

Second extraction: ethanol 95% Second extraction: first elution Second extraction: wash buffer (x2)

column (ReliaPrep Kit)

OpenArray® (Applied Biosystems, CA, USA). For the small RNAs, the evaluation of recovery efficiency between different extraction pro-
cedures was assessed by real-time PCR (TagMan®, Applied Biosystems) using two miRNAs (hsa-miR-146a and hsa-miR-99a) and a con-
trol (U6), as previously described [26]. For detection of mMRNA, primers for ACTB (Hs.PT.39a.22214847), HDAC7 (Hs.PT.58.4551980), IL6
(Hs.PT.49a.20968536) and GUSB (Hs.PT.39a.22214857) were purchased from Integrated DNA Technologies (PrimeTime Predesigned
gPCR Assay, IA, USA) and used at a final concentration of 500 nM as per manufacturer’s instructions. The gPCR cycling conditions were
as follows: 95°C for 10 min, followed by 40 cycles at 95°C for 15 s and 60°C for 1 min. Data were analyzed using the SDS software (Applied
Biosystems).

In order to extract RNA from cells invading into Matrigel, of good quality and quantity suitable for sequencing analysis, we first needed
to optimize a previously reported invasion assay [14,16].

The invasion assay previously developed by Vinci et al. is a simple microplate method based on uniform self-assembling 3D tumor
spheroids. A single spheroid, positioned at the center of the well and embedded in Matrigel, undergoes spontaneous invasion with the
cancer cells evading from the NS and invading into the matrix (Figure 1A). This method, performed in 96-well plate format, has been
shown to be optimal for high-content studies such as evaluating differences in cancer cell invasion modalities, quantifying the invaded
area or investigating drug response effects [14,16,27], but would not be suitable for our purposes. In fact, we modified this assay to be
performed in a 24-well plate format in order to increase the number of NSs by well, which would ensure a higher yield of RNA. Moreover,
having more and differently sized NSs per well would also allow better capture of intratumoral heterogeneity, characteristic of many
tumor types and a crucial feature of pediatric high-grade gliomas (pHGGs) [20,24,28-33]. Compared with 6- or 12-well plates, using the
24-well plates would require less reagents for the RNA extraction and thus would lower the cost of the experiments.

A pool of 30-60 NS of variable dimensions (100-400 um diameter) was resuspended into a Matrigel/medium mixture (see protocol
in Supplementary data) and dispensed in the wells. At time 0, the NSs embedded into Matrigel were imaged to assess whether they were
evenly distributed into the matrix (Figure 1C, left panel).

A common feature of pHGG, critical to the clinical outcome of the patients, is the tendency of these cells to massively invade into
the surrounding cerebral tissue [34,35]. This feature was well reproduced in our invasion assay, as cells started to protrude from the NS
a few hours after the onset of the assay, with invasion clearly visible after 2—3 days. By day 6 the NS were not visible anymore as cells
were fully dispersed into the matrix (Figure 1C). It must be noted that, although a lower plate format may be used, like 48- or 96-well
plates, those wells may be too small to allow recovery of enough RNA, for example from slow-growing/poorly invasive cell lines.

RNA sequencing techniques require a significant amount of RNA, usually not less than 500 ng, for ordinary techniques, and it must be
of high purity and integrity, with the 260,/280 and 260,230 ratios between 1.8 and 2.2 and the RNA integrity number (RIN) above 8.
Methods that report on RNA extraction from cells embedded into matrix usually include an initial step of matrix disaggregation
and cells—-matrix separation, followed by common RNA extraction techniques such as with a TRIzol-based method or with commer-
cial kits [20,21,33,36,37]. The matrix disaggregation can be enzymatic (proteinase K, collagenase, dispase) [37] or nonenzymatic (cell
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Figure 1. Pediatric high-grade glioma 3D invasion assay into Matrigel. (A) pHGG patient primary-derived cells (HSJD-DIPG-007) invading into Matrigel:
representative bright-field image and immunofluorescent images for f-actin (red). Hoechst used for nuclei counterstain; magnification 5x left and
central panel, 10 x right panel. Scale bars: 250 and 100 um, respectively. (B) Workflow of the method, from setting up the neurospheres to processing
RNA ready for sequencing. (C) Representative images of pHGG patient primary-derived cells (HSJD DIPG-007) invasion into Matrigel at different time
points (day 0, 3 and 6) and detail of the invasion front (day 6), showing the morphology and spatial organization of invading cells. Magnification 5x and
10x, scale bar 250 and 100 um, respectively.

pHGG: Pediatric high-grade glioma.

recovery solution, EDTA) [20,21,33,36] and may involve an incubation step at 4°C [20,21,33,36], the temperature at which the Matrigel be-
comes a viscous liquid. Cell recovery is usually achieved by a centrifugation step to remove the matrix debris [20,21,33,36,37]. Augustine
et al. reported on a series of tests for the optimization of the RNA extraction procedure, comparing different methods used to dissolve
the matrix and extract the RNA. They obtained good results with the use of RLT buffer (from the Qiagen RNeasy kit) and proteinase
K for matrix digestion, followed by the procedure using a column purification kit, plus DNase treatment off column [19]. Based on the
data found in the literature, we decided to compare several RNA extraction methods, using different types and quantities of lysis buffer,
purification techniques and including or not a DNase treatment step (Table 2).

We started with a conventional TRIzol-based RNA extraction protocol: a volume of TRIzol equal to the total volume of
Matrigel/medium in each well was added for matrix degradation and cell lysis (Protocol A, Table 2). Isopropanol was then used for
RNA precipitation, followed by washes in ethanol and RNA resuspension in RNase-free water. Even if the NanoDrop analysis provided
optimal readouts for RNA concentration and purity, the analysis using the Bioanalyzer revealed the presence of a peak in the electro-
pherogram profiles corresponding to low molecular weight RNA, with associated ‘not applicable’ RIN (Supplementary File 1). Similar
profiles were obtained for the three different cell lines tested (Figure 2A & Supplementary File 1). All the samples showed an increased
quantity of the small RNA fraction, representing 56.7-84.4% of the total RNA, markedly above the average of 20-30% previously reported
for RNA extracted from cells [26].

To understand whether the higher percentage of small RNA found was due to the presence of Matrigel debris in the samples, we used
the same protocol to extract RNA from cell pellets obtained from NS of the corresponding cell lines cultured in the absence of Matrigel.
In this case, RIN values were obtained and the electropherogram profiles did not show the high small RNA peak observed in the Matrigel
samples (Figure 2B). These results suggested that either the RNA extracted from the invading cells could be affected by the presence
of the Matrigel, or that the invading cells would be particularly enriched in the small RNA fraction. To verify that, we extracted RNA from
a blank sample containing only the Matrigel/medium mix without cells, and confirmed that the unconventional electropherogram profile
was indeed due to the Matrigel itself (Figure 3A, red line).
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Figure 2. RNA extraction from pediatric high-grade glioma patient primary-derived cells invading into Matrigel: Protocol A (suboptimal RNA quality).
(A) Upper panel: Agilent 2100 Bioanalyzer electropherogram profiles of total RNA extracted from three pHGG patient-derived cell lines (QCTB-R059,
OPBG-DIPG-002, HSJD-DIPG-007) invading into Matrigel following Protocol A. The profiles show the presence in all the samples of peaks in the region
of the electropherogram corresponding to the small RNAs (small arrows). The area of the curve is proportional to the concentration of each sample.
Lower panel: corresponding values of RNA concentration and purity measured on the Nanodrop spectrophotometer and on the Agilent 2100
Bioanalyzer. Each value is referred to RNA extracted from cells in a single well of a 24-well plate. (B) Upper panel: Agilent 2100 Bioanalyzer
electropherograms showing direct comparison of the RNA extracted from the same cell line (HSJD-DIPG-007) grown as neurospheres and pelleted
from suspension in medium or embedded in Matrigel. Lower panel: corresponding values of RNA concentration and purity obtained as described above.
pHGG: Pediatric high-grade glioma.
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Figure 3. RNA extraction: comparison and optimization of different protocols. (A) Comparison of protocols A, B and C for blank sample (only Matrigel
and medium). (B) Comparison of protocols B and C for invading pHGG cells (HSJD-DIPG-007 cell line). (C) Comparison of protocols C, D, E and F for
invading pHGG cells (HSJD-DIPG-007 cell line). Electropherogram profiles and corresponding values from NanoDrop and bioanalyzer readings are
shown for all conditions. Each result refers to RNA extracted from one half of a well of a 24-well plate.

pHGG: Pediatric high-grade glioma.

Matrigel, which is prepared from the Engelbreth—Holm—Swarm mouse sarcoma, is known to contain traces of RNA but also DNA. This
could explain the electropherogram profiles we have obtained.

To test this, we decided to use a commercially available RNA extraction kit that included a DNase digestion step (Direct-Zol, Zymo
Research). Blank samples as well as invading cell samples were processed in parallel with (Protocol C) or without (Protocol B) DNase
(Table 2 & Figure 3A & B). Upon treatment with DNase, the peaks that had previously been present on the electropherograms, correspond-
ing to the low molecular weight nucleic acids, disappeared, although this was associated with a significant decrease in the concentration
of the total nucleic acids, as shown from reads using both the Nanodrop and the Bioanalyzer. The purity and integrity of the RNA obtained
from the invading cells treated with DNAse were of good quality, and its concentration was acceptable (Figure 3A & B).
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In order to increase RNA purity and amount of the cell-specific low molecular weight RNAs, we tested additional protocols.

First, we increased the Matrigel/medium:TRIzol ratio to 1:3 (Protocol D) compared with the 1:1 ratio used in the standard protocol
(Protocol C) (Figure 3C). Both protocols were followed by an RNA purification step on column and DNase treatment as described in the
Direct-Zol kit manufacturer’s instructions. As shown in Figure 3C, higher RNA purity and concentration were achieved with the 1:3 ratio
(Protocol D).

Second, we decided to compare the RNA purification step of the Direct-Zol kit that we used in Protocol D with that of the ReliaPrep
miRNA Cell and Tissue miniprep system kit, which is specifically designed to extract RNA from cells embedded into Matrigel. Both
kits use columns for the RNA purification step, but ReliaPrep includes additional steps compared with the Direct-Zol kit. Moreover, the
DNAse treatment is different and directly included on the RNA purification column with the Direct-Zol kit (Protocol D), while it is performed
separately, after washes and elution of the RNA, with the ReliaPrep kit. The combination of the procedures for matrix digestion and cell
lysis (ratio 3:1, TRIzol:matrigel/medium) with purification in column and DNAse treatment (ReliaPrep kit) are identified as Protocol E.
When we compared the RNA purification steps of the two kits after our 1:3 matix:TRIzol ratio (Figure 3C), we could observe that protocols
D and E both provided a good concentration and integrity of the RNA. However, we had a better RNA recovery with Protocol D, while the
RNA purity was better following Protocol E (see Nanodrop values; Figure 3C & Supplementary File 1). Also, Protocol E allows the recovery
of a higher percentage of small RNA species compared with Protocol D (Figure 3C & Supplementary File 1). For both procedures, the
RINs were variable but above 8 (Figure 3C & Supplementary File 1).

Finally, we tested the ReliaPrep kit following the instructions recommended by the manufacturer (Protocol F). This kit uses a cell lysis
buffer composed of guanine thiocyanate plus 1-thioglycerol, but without phenol, and thus is different from the TRIzol. This protocol gave
us the worst results in terms of RNA yield, mainly due to column occlusion and eluate retention (Figure 3C, red line).

Protocol E gave us the best results in terms of purity, integrity and yield of the total RNA extracted from cells invading into the Matrigel.
In addition, this protocol allowed the recovery of low molecular weight RNAs.

To further check on the nature of the different types of RNAs contained in our samples, as well as on the efficiency of our protocol in
recovering cell-specific RNAs, we performed real-time PCR analysis.

For this, we selected two mRNAs, IL6 and HDAC7, and two low molecular weight RNAs, miRNA-99A and miRNA-146a, which we
identified as being expressed at different levels in pHGG invading cells in preliminary RNAseq data analysis (Ferretti et al., unpublished
data). The two selected miRNAs are found in mouse and human with a highly conserved sequence; therefore the gPCR probes are not
selective for one or the other species but they could be useful to detect eventually the presence of any residual RNA of Matrigel mouse
origin in the samples. Thus for the gPCR we considered RNA extracted from HSJD-DIPG-007 invading cells into the Matrigel and blank
samples (RNA extraction performed from Matrigel/medium only).

We compared RNA samples extracted following Protocol A (our initial method), Protocol E (our elective method) and Protocol F
(using the ReliaPrep kit only).

The real-time PCR revealed no difference in the mRNA levels of HDAC7 between the RNA samples from the invading cells prepared
with the three protocols. The IL6 mRNA was expressed at a lower level compared with HDAC7 using Protocols A and E, but no expres-
sion was detected with Protocol F (Figure 4). For both mRNAs, no signal was detected for HDAC7 or IL6 in the blank samples for the
three protocols, confirming the quality of our RNA preparation procedure. The results obtained for IL6 mRNA are in line with the RNA
concentration values obtained with the three protocols (Figure 3C). For genes expressed at low levels, Protocol F (ReliaPrep kit) is not
ideal as the overall RNA yield is low (Figure 3C) and consequently the specific gene expression levels are also low (Figure 4).

With regard to miR-99a and miR-146a, they were both detected in all the RNA samples obtained from the invading cells but the
levels were significantly higher in the RNA extracted following Protocol A. This may potentially be explained by the presence of RNA
contaminants present in the Matrigel. In fact, for both miRNAs, a signal was detected in the blank sample for Protocol A, while no signal
was detected using the other two protocols (Figure 4).

The study presents some limitations, both technical and biological. From a technical point of view, a minimum number of 30-60 NSs
per well in a 24-well plate format must be used in order to recover an amount of RNA sufficient for standard RNA sequencing methods.
This may be particularly important for slow-growing/poorly invasive cells. In comparison to our method, a lower quantity of RNA may be
used for low-input and ultra-low-input RNA sequencing protocols. However, those are generally more expensive compared with standard
sequencing methods. The method we present is intended for a wider application and to be most accessible to all laboratories (i.e., not
low-input and ultra low-input protocols). From a biological point of view, a limitation could be represented by the heterogeneous size of
the NSs used for the assay and the different biological processes involved: stem cell features in smaller spheres, hypoxia-driven invasion
in larger spheres. As mentioned above, though, this heterogeneity may more faithfully reflect some physiological features of invasive
tumors in vivo.

In conclusion, we optimized an RNA extraction protocol (Protocol E) for primary pHGG cells invading into Matrigel. Our procedure is
relevant for studying different types of RNA molecules, including both high and low molecular weight RNAs [26]. Our main goal was to
obtain RNA of good quality (purity and integrity) and high yield for subsequent RNA sequencing analysis. The optimized protocol has
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Figure 4. Validation by real-time PCR of type and quality of RNA extracted. Real-time PCR assay of RNA obtained from cells invading into Matrigel
extracted with Protocol A (blue bar), the elective Protocol E (orange bar) and Protocol F (green bar). For each protocol the blank samples (RNA
extracted from Matrigel/medium, no cells) were also considered (light blue, yellow and light green bars, respectively). 5 ng of total RNA was used for all
samples. HSJD-DIPG-007 cells were used. Gene names and miRNA are reported.

Statistical analysis was performed by using one-way analysis of variance. For qPCR, statistical analyses were performed by using the 2-A ACt method.
Quantitative data are presented as mean + standard deviation. All experiments were performed in duplicate. Differences were considered significant at
*p < 0.05; **p < 0.01.

proven to be useful for our ongoing studies on pHGG primary-derived cell lines and may be applicable to study the gene expression of
different highly invasive cell lines from other tumor types assayed in similar culture conditions.
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