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An ultra fast and unbiased method that uses salicylic acid coated magnetic nanoparticles (SAMNPs)
and magnetophoretic chromatography is developed to extract chromatin associated RNAs (CARs). The
SAMNPs were first used for enriching cells from the cell culture media and further used for capturing
chromatin after cells were lysed. The formed SAMNPs-chromatin complexes were transferred to a viscous
polyethylene glycol (PEG) solution stored in a 200-p.] pipette tip. Due to the difference in viscosities, a
bi-layer liquid was formed inside the pipette tip. The SAMNPs-chromatin complexes were separated
from the free SAMNPs and free RNA-SAMNPs complexes by applying an external magnetic field. The
CARs were further extracted from the SAMNP-chromatin complexes directly. The extracted CARs were
reverse transcribed as cDNA and further characterized by real-time qPCR. The total assay time taken for
cell separation, chromatin purification and chromatin associated RNAs extraction can be accomplished
in less than 2 h.
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1. Introduction

Chromatin associated RNAs (CARs) are an integral component
of chromatin that has diverse architectural functions inside the
nucleus. They are found to associate with heterochromatin [1],
euchromatin [2], and nuclear matrix [3]. Purification of CARs is
extremely important for down-stream applications such as tran-
scriptomic analyses. Conventionally, CARs are isolated from soluble
chromatin, which is collected from different fractions in a sucrose
gradient after overnight centrifugation. The soluble chromatin was
released from isolated nuclei by MNase digestion. The total assay
time including nuclei preparation, chromatin purification and RNA
isolation is about 16 h. The RNA isolated from soluble chromatin-
containing fractions might not fully represent the CARs, since
RNAs are also associated with insoluble heterochromatin frag-
ments, for example, repetitive RNAs may form more complex and
less soluble structures with heterochromatin [2]. Moreover, com-
pared to mRNA, the half live of CARs vary over a wide range
with some less than 2 h, for example the paraspeckle RNA Neat1
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[4]. Although the sequences of CARs extracted by the conven-
tional method are systematically identified at the global level using
high-throughput genomic platforms [5], the study may have some
bias due to the fact that some RNAs are resistant to extraction
and some RNAs are degraded during the long handling process.
Thus, developing an ultrafast and unbiased method for the extrac-
tion of CARs is essential to ensure the accuracy of transcriptomic
analyses.

One of the most important and time-consuming steps during
CAR extraction is the isolation of native chromatin. In contrast
to the conventional method that requires high speed centrifuga-
tion for a prolonged period of time to purify soluble chromatin,
in our previous studies, we developed methods using magnetic
nanoparticles, for example salicylic acid coated magnetic nanopar-
ticles (SAMNPs), for a rapid, unbiased and cost-effective method
for the purification of chromatin [6,7]. When free RNA (most of
these are rRNAs and mRNAs) and chromatin were released from
lysed mammalian cells, these nucleic acids were non-specifically
bound to SAMNPs forming free RNA-SAMNPs, chromatin-SAMNPs
complexes. The complexes and free magnetic nanoparticles were
magnetically separated from the sample solution. If extraction of
CARs is desired, both the free RNA-SAMNPs complexes and the free
SAMNPs must be removed before chromatin-SAMNPs complexes
were submitted for CAR extraction.
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This problem can be addressed by adapting magnetophoretic
chromatography using a liquid-type filter [8,9]. A solution
containing the free SAMNPs, free RNA-SAMNPs complex and
chromatin-SAMNPs complex are loaded onto the surface of a vis-
cous PEG solution in a 200-pul pipette tip to form two separated
liquid layers due to differences in viscosities. When an external
magnetic field is placed below the tip, only the chromatin-SAMNPs
complexes pass through the interface and reach the bottom of the
tip; both the free RNA-SAMNPs complexes and the free SAMNPs
are trapped at the interface between the solutions. The mag-
netophoretic chromatography can be achieved in 10min. The
collected chromatin-SAMNPs complexes could be directly used for
CARs extraction.

In this study, we present a rapid and unbiased method to extract
chromatin associated RNAs by introducing magnetophoretic chro-
matography to purify chromatin using SAMNPs. SAMNPs have dual
functions; first they can be used to enrich mammalian cells from the
culture media and further used for capturing chromatin from the
lysed cells. Magnetophoretic chromatography was applied to iso-
late the chromatin-SAMNPs complex from both free SAMNPs and
free RNA-SAMNPs complexes. The collected chromatin-SAMNPs
complexes were used for CAR extraction. The total assay time
including cell and chromatin purification and CARs extraction can
be completed within 2 h.

2. Experimental
2.1. Reagents and material

Sodium dodecyl sulfate (SDS), phenylmethylsulfonyl fluoride
(PMSF), isopropanol, ethylenediaminetetraacetic acid disodium
salt (EDTA), polyethylene glycol (PEG) and ethylene glycol
tetraacetic acid (EGTA) were obtained from Sigma (St. Louis, MO).
Protease Inhibitor Cocktail was purchased from New England Bio-
labs. PCR probes were synthesized by Integrated DNA Technologies
(IDT, USA). Hydrophilic SAMNPs were prepared according per pre-
viously reported method [10]. The concentration of SAMNPSs was
adjusted to be 10 mg/mL.

2.2. Chromatin isolation and magnetophoretic chromatography

The SAMNPs were added into the cell culture media containing
trypsinized MCF7 cells and incubated for 5 min at room temper-
ature. The cell-SAMNPs complexes were magnetically separated
and lysed in buffer containing 250 mM SDS, 1 mM EDTA, 1 mM
PMSF, 0.5 mM EGTA and 2% protease inhibitor Cocktail [11,12]. The
complexes were pipetted up and down slowly 20 times with a 200-
uL pipette tip and further incubated for 10 min. Isopropanol was
added to the suspension to form nucleic acids-SAMNPs complexes
and incubated for another 10 min on ice. The mixture containing
chromatin-SAMNPs, mRNA-SAMNPs complexes and free SAMNPs
was separated from the solution by an external magnetic field
(SuperMag Multitube Separator), and then re-dispersed in 50-wl
1x PBS. The PBS buffer containing all SAMNPs was transferred onto
the 200-pl pipette tip containing 80 wL of a 25 wt% PEG solution.
The chromatin-SAMNPs complexes were separated from the free
SAMNPs and free RNA-SAMNPs complexes by magnetophoretic
chromatography for about 10 min.

2.3. CARs extraction

The collected chromatin-SAMNPs complexes were directly sub-
mitted for CARs extraction using E.Z.N.A. Total RNA Kit I (OMEGA
Bio-Tek). In a parallel study, CARs were extracted from isolated
nuclei (Nuclei Isolation Kit, Sigma-Aldrich). The concentration and

Table 1

Nucleotide sequence of primers for qPCR.
Name Primer sequence
HOTAIR-F 5'-CAGTGGGGAACTCTGACTCG-3'
HOTAIR-R 5'-GTGCCTGGTGCTCTCTTACC-3’
NEAT1-F 5'-TGGCTAGCTCAGGGCTTCAG-3'
NEAT1-R 5'-TCTCCTTGCCAAGCTTCCTTC-3'
HULC-F 5'-TCATGATGGAATTGGAGCCTT-3'
HULC-R 5'-CTCTTCCTGGCTTGCAGATTG-3'
MALAT1-F 5-TAGGAAGACAGCAGCAGACAGG-3'
MALAT1-R 5-TTGCTCGCTTGCTCCTCAGT-3'
MEG3-F 5'-GCCAAGCTTCTTGAAAGGCC-3'
MEG3-R 5'-TTCCACGGAGTAGAGCGAGTC-3’
B-Actin-F 5-AGCGAGCATCCCCCAAAGTT-3'
B-Actin-R 5'-GGGCACGAAGGCTCATCATT-3'

purity of CARs was determined using a Nanodrop spectrophotome-
ter. The yield of CARs was determined as ODgp x 40 ng/l x volume
of sample volume (l). Each extraction was repeated 3 times
independently. The CARs were aliquoted into two parts; one was
directly used for agarose gel electrophoresis and the other was used
for preparing cDNA using the iScript cDNA synthesis kit (Bio-Rad).

2.4. Quantitative (real-time) PCR (qPCR)

The qPCR reactions were performed to validate the enrichment
of a subset of frequently reported CARs, and beta-actin mRNA
was used as a negative control. The qPCR quantification was per-
formed using the standard curve method with FastStart Universal
SYBR Green (Roche) using the LightCycler 96 system (Roche). The
primer sequences used in various qPCR reactions are provided
in Table 1 [13]. All gPCR reactions were repeated 3 times and
the inner control of beta-actin were performed with every qPCR
assay. No amplification of the signal was observed when water was
added instead of cDNA samples. The relative level of each CAR was
calculated compared to the beta-actin mRNA both in the magne-
tophoretic chromatography purified CARs and in isolated nuclei.
Specifically, the cycle threshold (Ct) was defined as the number of
cycles required for the fluorescent signal to pass above the base-
line established for background by PCR. The 2-2ACt method was
used to evaluate the relative expression of CARs. ACt was calcu-
lated by subtracting the Ct values of each CAR from the Ct values of
beta-actin. A ACt was calculated by subtracting ACt of each CAR
from the corresponding ACt of the CAR gained from nuclei, and
fold-change of each CAR was determined by the equation 2-2ACt,

3. Results and discussion

Fig. 1a shows transmission electron microscopy (TEM) images
of SAMNPs. The average size of SAMNPs was measured as 10 nm
with narrow size distributions. The SAMNPs are monodispersed in
water with a hydrodynamic diameter of approximately 122.7 nm
and a zeta potential of 38.1 mV [10]. When added into buffers such
as cell culture media containing amounts of salts (6.4 g/INaCl, 3.7 g/1
NaHCOs, 0.4 g/1 KCl, 0.2 g/l CaCl,, etc.), the ions perturb the surface
charge of SAMNPs. The SAMNPs form clusters and non-specifically
attach to the cell membrane of MCF7 cells, as shown in Fig. 1b.

The formed cell-SAMNPs complexes and free SAMNPs are sep-
arated under an external magnetic field. Compared to the free
SAMNPs, the cell-SAMNPs are separated more efficiently since the
magnetic force exerted on the magnetic particles is proportional to
their apparent volume [9]. The small size of SAMNPs helps to retain
the superparamagnetic properties [14]. Thus, each SAMNPs cluster
consists of a few hundred 10-nm iron oxide nanoparticles, which
still possess paramagnetic properties with even higher separation
efficiency.
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Fig. 1. TEM images of (a) SAMNPs and (b) MCF7 cells with SAMNPs. SAMNPs were
monodispersed in water and formed clusters when interacting with MCF7 cells in
cell culture media.

The mixture of cell-SAMNPs complexes and free SAMNPs
was magnetically separated from the cell culture media using a
permanent magnet (SuperMag Multitube Separator), and then re-
suspended in lysis buffer. Nucleic acids, including free RNA and
chromatin, were released when the cell membrane and nuclear
membrane were dissolved in the lysis buffer. The SAMNPs clusters
released from the cell membrane and free SAMNPs were re-
dispersed in the lysis buffer and further interacted with the released
nucleic acids. Adding chaotropic agents, such as isopropanol, assists
nucleic acids to wrap around SAMNPs and cause co-aggregation.
Thus, a mixture of free RNA-SAMNPs, chromatin-SAMNPs com-
plexes as well as free SAMNPs was formed and magnetically
separated from the lysis buffer with an external magnetic field,
and then re-dispersed in 50 .l of 1x PBS for subsequent magne-
tophoretic chromatography (Fig. 2a).

Conventionally, extraction of chromatin associated RNAs uti-
lizes three experimental steps: (i) nuclei isolation; (ii) soluble
chromatin purification; and (iii) RNA extraction from the collected
soluble chromatin. However, both nuclei isolation and the soluble
chromatin purification processes are tedious, time consuming and
result in significant sample loss. Moreover, the CARs are extracted
only from soluble chromatin and RNAs associated with heterochro-
matin are lost during conventional CARs extraction. And due to
short half lives of RNA, CARs degrade during the prolonged extrac-
tion process causing a bias for the full sequence analysis of CARs.
In contrast, chromatin isolation by the established magnetic isola-
tion process is fast and convenient [6], although there is still the
issue of free RNA adsorbing to the magnetic nanoparticle surface,
which could introduce artifacts for down-stream sequence analysis
of CARs. Thus, it is essential to remove free RNA before transcrip-
tomic analysis of CARs. Most of the free RNAs are mRNA and rRNA
in the cytoplasm. Though high temperature could degrade the free
RNAs without sacrificing DNA quality and quantity [15], the CARs
degrade as well. Thus, it is necessary to develop a fast, simple and
cost-effective method to remove free RNA without causing degra-
dation of CARs.

This issue was addressed by adapting magnetophoretic chro-
matography using a liquid-type filter [8,9]. Before magnetophoretic
separation, all of the magnetic objects were dispersed uniformly
in the upper layer of liquid in the pipette tip. When a permanent
magnet was placed under the pipette tip, the chromatin-SAMNPs
complexes, the free RNA-SAMNPs complexes and free SAMNPs
were attracted toward the magnetic pole. Multiple forces affect
these complexes through the PEG solution, such as the mag-
netic force (Fy), gravitational force (Fg), buoyant force (F,) and
drag force (Fyq). Fm exerted on an object is proportional to its
apparent volume; F;, is proportional to the surface area of the
object; Fq is proportional to the solution viscosity, which is directly

10 min

0 min 1 min S min

Fig. 2. Optical images of the pipette tip during magnetophoretic chromatography of chromatin-SAMNPs in 25% (m/v) PEG solution (a). In the experiment time scale, the
chromatin-SAMNPs complexes were isolated at the bottom of the tip; while the free RNA-SAMNPs and free SAMNPs were kept at the interface of the two solutions. TEM
images of chromatin released from the chromatin-SAMNPs complexes in PBS solution (b).
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Fig. 3. (a) Quantity of CARs extracted from isolated nucleus and magnetophoretic chromatography collected chromatin from 4 million cells; (b) agarose gel electrophoresis

analysis of CARs on a 2% RNase denatured gel.

associated with the concentration of PEG solution [9]. Compared
to the free RNA-SAMNPs complexes and the free SAMNPs, the
chromatin-SAMNPs complexes are much greater in size due to
the large size of chromatin. Thus, the chromatin-SAMNPs com-
plexes have a higher probability of passing through the PEG solution
than the free RNA-SAMNPs and the free SAMNPs. To let the
chromatin-SAMNPs complexes pass through and keep both the
free RNA-SAMNPs complexes and the free SAMNPs at the interface
between the PBS solution and PEG solution, the concentration of
PEG solution was optimized and determined at 25% (m/v). As shown
in Fig. 2a, the chromatin-SAMNPs complexes were well separated
from the free RNA-SAMNPs complexes and the free SAMNPs in
the experimental time scale (10 min). Only the chromatin-SAMNPs
complexes can reach the bottom of the pipette tip after the mag-
netophoretic chromatography process; and the free RNAs-SAMNPs
complexes are trapped at the interface between the solutions.

Due to the reversible process of chromatin and SAMNPs
interaction, removing the free SAMNPs from the collected
chromatin-SAMNPs complexes would increase the released chro-
matin in solution. In a compared study, 10 pg of chromatin was
extracted from 1 million MCF7 cells using our previously reported
method [6]; while 14 pg of chromatin was extracted from the same
amount of MCF7 cells using the magnetophoretic chromatography
method. The extracted chromatin was visualized by TEM, as shown
in Fig. 2b.

The chromatin-SAMNPs complexes were collected after mag-
netophoretic chromatography and submitted for CARs extraction
using a commercial kit. The extraction was completed within
45 min. In a parallel study, CARs were extracted from the isolated
nuclei using the same kit. The purity of CARs was determined by
0D360/0D5go with a value of 2.05, which indicated there was negli-
gible genomic DNA contamination. The quantity of extracted CARs
from the nuclear fraction and the magnetophoretic chromatogra-
phy collected chromatin were determined as 21.9+0.87 wg and
19.9+1.03 pg, respectively (as shown in Fig. 3a). We used the
coefficient of variation (CV), which is defined as the ratio of the
standard deviation to the mean, to estimate the reproducibility
of the CARs extraction method. The CV with a low value as 5.2%
implies that the method proposed is highly reproducible. Using the
same amount of MCF7 cells as the starting material, the developed
method recovered 90.9 + 4% RNAs compared to the nuclear frac-
tion. The loss of RNAs could result from removing the free RNAs

during the magnetophoretic chromatography process. Agarose gel
electrophoresis analysis of the isolated CARs indicated that the
major RNAs were rRNA due to rRNA-tree formed at the nucleoli
[16].

The quality of CARs was evaluated by real-time PCR (qPCR).
The fold change of each CAR was calculated according to the CARs
extracted from nuclei, as shown in Fig. 4. The level of $-actin in
the extracted CARs, as an internal control, was 5 times lower in the
magnetophoretic chromatography collected chromatin compared
to CARs extracted from nuclei. As expected, the CARs (MEG3, Neat1,
HULC and MALAT1) were 3-8 times higher in the magnetophoretic
chromatography collected chromatin than in the nuclear fraction.
This is due to the removal of free RNAs unbound to chromatin
during the magnetophoretic chromatography process. Interesting

HOTAIR i 0.5

worr: | -
vor: | — 7
p-actin I 0.2
0.0 3.0 6.0 9.0

Fold changes of CARs (Chromatin/Nucleus)

Fig. 4. The fold change of CARs extracted from magnetophoretic chromatography
collected chromatin compared to that from isolated nucleus. The CARs (MEG3,
Neat1, HULC and MALAT1) were 3-8 times higher in the magnetophoretic chro-
matography collected chromatin than in the nucleus, while B-actin and HOTAIR
was lower.
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HOTAIR was decreased in the collected chromatin, possibly because
HOTAIR is primarily located in the cytoplasm of carcinoma cells
[17].

4. Conclusions

In conclusion, using cultured MCF7 cells as a model, we have
developed a novel assay to extract chromatin associated RNAs using
magnetophoretic chromatography. The assay could be applied to
extract CARs to other cells such as Hela cells [10], non-neoplastic
S1 HMT-3522 human mammary epithelial cells [6] as well as
human blood white cells [7]. The total assay time including cell
separation, chromatin collection and chromatin associated RNA
extraction was less than 2 h. The SAMNPs could non-specifically
adsorb on to the chromatin with the help of isopropanol, to real-
ize the subsequent unbiased extraction of CARs. Magnetophoretic
chromatography was used to separate chromatin-SAMNPs com-
plexes from free RNA-SAMNPs complexes and the free SAMNPs.
This novel strategy not only improves the chromatin extraction effi-
ciency, but also assists in the extraction of CARs by removing free
RNAs. The mild and ultrafast magnetic separation process keeps
CARs from degrading. Thus, we have developed an ultrafast, unbi-
ased and cost-effective method for the extraction of CARs, which is
essential to ensure the accuracy of transcriptomic analyses.
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