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Abstract. The genome-wide variant of the chromatin conformation capture technique (Hi-C) is a powerful tool for re-
vealing patterns of genome spatial organization, as well as for understanding the effects of their disturbance on disease
development. In addition, Hi-C can be used to detect chromosomal rearrangements, including balanced translocations
and inversions. The use of the Hi-C method for the detection of chromosomal rearrangements is becoming more wide-
spread. Modern high-throughput methods of genome analysis can effectively reveal point mutations and unbalanced
chromosomal rearrangements. However, their sensitivity for determining translocations and inversions remains rather
low. The storage of whole blood samples can affect the amount and integrity of genomic DNA, and it can distort the
results of subsequent analyses if the storage was not under proper conditions. The Hi-C method is extremely demand-
ing on the input material. The necessary condition for successfully applying Hi-C and obtaining high-quality data is
the preservation of the spatial chromatin organization within the nucleus. The purpose of this study was to determine
the optimal storage conditions of blood samples for subsequent Hi-C analysis. We selected 10 different conditions for
blood storage and sample processing. For each condition, we prepared and sequenced Hi-C libraries. The quality of the
obtained data was compared. As a result of the work, we formulated the requirements for the storage and processing of
samples to obtain high-quality Hi-C data. We have established the minimum volume of blood sufficient for conducting
Hi-C analysis. In addition, we have identified the most suitable methods for isolation of peripheral blood mononuclear
cells and their long-term storage. The main requirement we have formulated is not to freeze whole blood.
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AHHoTauua. MeTop 3axBaTa KOHGOPMaLMM XpOMaTriHa B ero nosiHoreHoMHom BapuaHTe (Hi-C) — MOLWHBIN NHCTPY-
MEHT He TONbKO A/1A BbIABMEHNA 3aKOHOMEPHOCTE NPOCTPAHCTBEHHONM OpraHM3aLumy reHoMa, HO U AnA NOHVMaHKA
BAVAHMA UX HapyLlWeHWA Ha pa3BuTue 3aboneBaHuii. Kpome TOro, MeTos, MOXeT ObiTb MCMOMb30BaH ANA AeTeKUun
XPOMOCOMHBIX MEepecTpoek, B TOM umncie cbanaHCMpOBaHHbIX TPAHCIOKaUMn 1 MHBepcuid. MprumeHeHre metoga Hi-C
AJ1A MOMCKa XPOMOCOMHbIX NMepecTpoeK noslyyaeT Bce 6osiee WMPOKOe pacnpocTpaHeHre. To CBA3aHO C TeM, YTO CO-
BPEMEHHbIE BbICOKOMPON3BOANTENbHbIE METOAbI aHaM3a reHOMa No3BOoNAT SPHEKTVBHO JETEKTUPOBATb TOUEYHbIE
MyTauuu N HecbanaHCMpPOBaHHbIE XPOMOCOMHble nepecTporikin. OfHaKo YyBCTBUTENIbHOCTb 3TUX METOAOB ANA onpe-
feneHnsa cbanaHCcMpPOBaHHbIX TPAHCIOKaLMIA U MHBEPCUIA OCTAaeTCA JOCTaTOYHO H3KOW. XpaHeHre 06pasLoB LieflbHOM
KPOBW MOXET BIMATb Ha KONIMYECTBO U1 LIeNOCTHOCTb Bbliensaemon U3 H1ux reHomHow [IHK, a kpome Toro, npuBoguTb
K NCKaXKeHMIO pe3ynbTaToB MOC/eAyoWMX aHann3oB B TOM Cllyyae, eCin XpaHeHne OCyLLeCTBAANOCh B HEHaANeXa-
wux ycnosuax. Metog Hi-C kpaliHe TpeboBaTeneH K UCXOLHOMY MaTepuany, Tak Kak HeOOX0AMMbIM YCIOBMEM OIS €70
YCNewWwHOro NPUMEHEHUA N MOJSTYYEHUA KauyeCTBEHHbIX JaHHbIX ABMAETCA COXPaHeHVe MPOCTPAHCTBEHHOW YKNafKM
XpomaTtunHa BHyTpu agpa. Llenb Hawero nccnegoBaHna coctoana B TOM, YTOObl ONpeAennTb ONTUManbHble YCnoBua
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preprocessing on the quality of Hi-C libraries

XpaHeHNsA KPOoBW ANs npoBefeHnsa nocnepytouiero aHanusa Hi-C. boinv BbibpaHbl 10 pasnmnyHbIX YCIOBUI XpaHeHUs
06pasLoB KPoBU 1 NPO6GOMOArOTOBKY. [N1A Kaxaoro ycnosusa npurotosnieHbl Hi-C 61MGIMOTEKN 11 OTCEKBEHVPOBaHDI,
nocsie Yero OLEHMBaNOCh KauyecTBO MOJyYEHHbIX 6UbnMoTek. B pesynbrate chopmynupoBaHbl TpeboBaHMA K Xpa-
HeHMIO 1 NoArotoBke 06pa3sLoB, HeobxoarMble AN NofyyeHus KavectBeHHbIX Hi-C gaHHbIX. Hamu ycTaHOBReH Mu-
HManbHbIN 06bem 06pasLa KPoBY, [OCTATOUHbIA AnA npoBefeHusa Hi-C aHanu3a. MomMrMmo 3Toro, Mbl onpegenunu
CNocobbl BblAeNeHs AAePHbIX 371EMEHTOB KPOBU U 1X AONTOCPOYHOTO XPpaHeH s, Hambonee noaxonalyme ana nocne-
aytoulero nposefeHnsa Hi-C aHanu3sa. OcHoBHoe TpeboBaHne, cGOPMYNMPOBAHHOE HaMU, — He 3aMOPaXnBaTb Liefb-

HYIO KPOBb.

Kniouesble cnoBa: Hi-C; nepudepryeckan KpoBb YenoBeka; XpaHeHre 06pasLoB KPOBU.

Introduction

The combination of chromatin conformation capture methods
with whole genome sequencing led to the development of
a simple and efficient Hi-C protocol that allows genome-wide
studying of chromatin architecture (Liecberman-Aiden et al.,
2009; Rao et al., 2014). In addition to the data concerning the
organization and dynamics of chromatin in the nucleus, the
Hi-C results showed that the relationship between three-di-
mensional distance in nuclear space and “nucleotide” distance
in genomic coordinates can be described by a power function
for all cell types. This means that chromosomal rearrange-
ments have effects not only on the contacts frequency of re-
gions directly located at the points of chromosome breaks, but
also change the pattern of three-dimensional contacts of a wide
area around the rearrangement boundary (Mozheiko, Fish-
man, 2019). Chromosomal rearrangements detecting methods
based on the analysis of the chromatine three-dimensional
organization have recently been proposed (Harewood et al.,
2017; Chakraborty, Ay, 2018; Diaz et al., 2018; Fishman et al.,
2018; Melo et al., 2020). These methods detect various types
of rearrangements, including balanced ones, which are still
difficult to detect by other methods (Hakim et al., 2012; Dong
etal., 2017). In addition, information about single nucleotide
variations can be obtained from Hi-C data (Mozheiko, Fish-
man, 2019), which is important for medical genetics.

Whole blood is a common biological starting sample for
medical genetics. Proper blood samples handling is critical
for genome-wide studies. Long-term storage and inadequate
storage conditions lead to a decrease in the amount of iso-
lated DNA (Nederhand et al., 2003; Malentacchi et al., 2015;
Schroder, Steimer, 2018) and its degradation (Ross et al., 1990;
Permenter et al., 2015). A high degree of DNA degradation
is a serious problem for subsequent molecular biological
analyses (Palmirotta et al., 2011; Malentacchi et al., 2015).
For example, an increase in the storage time of a blood sample
leads to an overestimation of the level of DNA methylation,
which may be due to the different stability of methylated and
unmethylated DNA (Schrdder, Steimer, 2018).

The key steps of the Hi-C protocol are chromatin frag-
mentation and ligation. To obtain high-quality datasets, it is
necessary that both of these steps take place in nucleus, under
conditions of maximum preservation of the nucleus integrity.
Thus, unlike DNA sequence analysis methods, the Hi-C
method imposes additional requirements on the quality of the
input material. In this regard, it seems relevant to determine
the appropriate storage conditions for blood samples intended
for Hi-C analysis.

Materials and methods

Peripheral human blood was collected from the antecubital
vein into Vacutainer EDTA Blood Collection Tubes. Blood
samples storage conditions and preprocessing steps are speci-
fied in the Table and Figure 1.

The isolation of peripheral blood mononuclear cells
(PBMC) from 3 ml of whole blood was performed using one
of the following methods:

+ Red Blood Cell Lysis Buffer (RBCL, BioLegend) was used
for lysis of erythrocytes according to the manufacturer’s
instructions. Then the cells were washed once with phos-
phate buffer saline (PBS).

- centrifugation 300 g for 10 minutes. Serum, including in-
terphase, was transferred into PBS and centrifuged 300 g
for 10 minutes.

- sedimentation method on the density gradient Histopa-
que-1077 Hybri-max (Sigma) according to the manufac-
turer’s instructions.

Cryopreservation of PBMC was performed in a cell freezing
medium: 10 % DMSO, 90 % KSR (Thermo Fisher Scientific).
Cells were frozen at —80 °C and stored in liquid nitrogen. After
thawing, the cells were washed once with PBS.

Cells were counted and resuspended in PBS at a concen-
tration of 1 million cells/ml. Cell fixation, Hi-C library pre-
paration, and data analysis were performed as described in
Gridina et al. (2021) using DNase I (Thermo Fisher Scientific)
or S1 nuclease (Thermo Fisher Scientific) for chromatin frag-

Storage and preprocessing conditions

# A brief description of blood samples storage conditions
and preprocessing (the time from the blood collection)

10 Less than 4 hrs; Histopaque-1077 Hybri-max;
freezing KSR+DMSO
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Blood sample storage Removal of red Freezing Counting Fixation

after collection blood cells

. +4°C + Red Blood Cell Lysis « in freezing medium:

.-20°C Buffer 10 % DMSO,

«RT « centrifugation 300 g 90 % KSR; -80 °C

« Histopaque-1077 « not
Hybri-max
Fig. 1. Blood samples preprocessing.
mentation. HAPA Hyper prep and QIAseq® FX DNA Library 4r o
Kit (Qiagen) were used for NGS libraries preparation, accord- b
ing to the manufacturer’s instructions. The DNA concentration
was measured using a Qubit 3.0 fluorimeter (Thermo Fisher 10l
Scientific). NGS libraries were sequenced on HiSeq XTen  _
(Illumina) with 150 bp paired reads. % 8
E ]
Results and discussion il
. . . . @ ]

The first Hi-C step is cells fixation with paraformaldehyde, al .
which is necessary to preserve the native spatial organization © ) ° 8
of chromatin within the nucleus. Unfortunately, it is not always 2 ¢ ® )
possible to deliver the sample to the laboratory for fixation on © © o
the blood collection day. We decided to systematically estimate 0 5 3 p s p . p 5 o

the impact of blood storage and preprocessing conditions on
the quality of the obtained Hi-C data. Ten conditions were
chosen, which included: different methods of PBMC isolation
from whole blood; different time and temperature of sample
storage; the possibility of freezing PBMC before fixing for
long-term storage (see Fig. 1 and the Table).

Although blood sampling is a minimally invasive procedure
for biomedical diagnostics, it is clear that there are certain
limits on the amount of blood that can be obtained from a pa-
tient. Especially if the patient is a small child, or has certain
problems with the blood coagulation system. Hi-C analysis
requires 1.5-2.5 million cells. Normally, 1 ml of blood con-
tains (4—11) x 106 cells. To test each condition, 3 ml of whole
blood was taken in two replicates. The PBMC were counted
(Fig. 2) after erythrocytes lysis but before cells fixation.
A significantly higher number of cells were in the samples
processed according to condition #3 (isolation of nuclear
elements without RBCL treatment). We did not determine the
proportion of living cells during counting. It is possible that
dying cells were preserved in samples #3, whereas they were
lysed in other cases using RBCL buffer (Brown et al., 2016) or
freezing. Supporting the assumption, there were significantly
less cells in samples #4 and #10 that were not treated with
RBCL but were frozen than in #2.

There were no signs of hemolysis before the start of the
isolation of PBMC for all samples except #6, and it was not
possible to evaluate this parameter for samples #6. Hemolysis
should be avoided, as it is one of the main factors negatively
affecting the amount of DNA isolated from blood (Caboux et
al., 2012), which may be associated with DNA degradation
by nucleases released from degrading cells.

Cell conglomerates were formed in some samples during
erythrocyte lysis and subsequent washings. The conglome-
rates were in both replicates in samples #6, #8, #9 and #10.
For these samples, it was not possible to accurately count cells
and aliquot them uniformly.

Fig. 2. The PBMC count in 1 ml of blood.

Colors indicate replicates. The horizontal axis represents the storage and pre-
processing conditions described in the Table.

2.5 million fixed cells were taken to prepare Hi-C libraries.
To assess the quality of Hi-C libraries (Belaghzal et al., 2017),
the following controls were made: genomic DNA, DNA after
chromatin fragmentation and after ligation. All controls looked
accepted (Fig. 3).

We sequenced the Hi-C libraries using paired-end reads with
alength of 150 bp, mapped the paired-end reads to the human
hgl19 genome (GRCh_37) and estimated quality metrics of
Hi-C datasets. All libraries had a high proportion of aligned
reads (Fig. 4, a).

Previously, we have shown (Gridina et al., 2021) that the
most important quality metric of Hi-C datasets is the propor-
tion of cis interactions (ratio cis/all (FF and RR orient)) (see
Fig. 4, b). It reflects the proportion of Hi-C reads that mapped
on the same chromosome among all Hi-C reads. The percen-
tage of cis interactions was comparable for all libraries except
samples #6 where it was 40.3 and 35.7 %. It means that these
Hi-C data are not informative as most fragments ligated ran-
domly. Blood samples #6 were frozen without a cryoprotectant
and stored for 4 days at —20 °C. The observed low percen-
tage of cis interactions might be due to random DNA strand
breaks occurring when cells are frozen without cryoprotectants
(Narayanan et al., 2001; Peng et al., 2008; Al-Salmani et al.,
2011). On the other hand, this method of freezing leads to
ice crystals formation inside the cell and, as a result, to the
breaking of cellular and nuclear structures (Mazur, 1984). The
release of DNA fragments from the nucleus and their ligation
in solution can occur in any way, which leads to the formation
of non-informative DNA fragments.
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Fig. 3. Chromatin fragmentation and ligation controls in Hi-C experiments.

The numbers represent the storage and preprocessing conditions described in the Table. The order of samples: gDNA, fragmented DNA, ligated DNA. M — DNA
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Fig. 4. Quality metrics of Hi-C datasets: g, aligned reads; b, cis interactions.

Colors indicate replicates. The horizontal axes represent the storage and preprocessing conditions described in the Table.

Conclusions
We systematically evaluated various blood samples storage
and preprocessing conditions in this work.

As aresult, we formulated the following recommendations
for the storage and preprocessing of blood samples for Hi-C
analysis:

« If it is not possible to deliver the sample on the blood collec-
tion day, the samples can be stored at +4 °C for a minimum
of 7 days.

« It is better to lyse red blood cells with RBCL buffer before
cryopreservation.

« 1-2 ml of whole blood is sufficient (in a person without
signs of leukopenia), but if the sample is going to be stored
for more than 48 hours, the volume should be increased
up to 46 ml.

+ Never freeze whole blood.
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