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Impact of Washing Processes on RNA Quantity
and Quality in Patient-Derived Colorectal Cancer Tissues
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Background: Colorectal cancer (CRC) is a common and lethal cancer worldwide. Extraction of high-quality
RNA from CRC samples plays a key role in scientific research and translational medicine. Specimen collection
and washing methods that do not compromise RNA quality or quantity are needed to ensure high quality spec-
imens for gene expression analysis and other RNA-based downstream applications. We investigated the effect
of tissue specimen collection and different preparation processes on the quality and quantity of RNA extracted
from surgical CRC tissues.
Materials and Methods: After surgical resection, tissues were harvested and prepared with various washing
processes in a room adjacent to the operating room. One hundred fourteen tissues from 36 CRC patients were
separately washed in either cold phosphate-buffered saline reagent (n = 34) or Dulbecco’s modified Eagle’s
medium (DMEM; n = 34) for 2–3 minutes until the stool was removed, and unwashed specimens served as
controls (n = 34). Six tissue specimens were washed and immersed in DMEM for up to 1 hour at 4�C. Before
RNA extraction, all specimens were kept in the stabilizing reagent for 3 months at -80�C. RNA was extracted,
and the concentration per milligram of tissue was measured. RNA quality was assessed using the RNA integrity
number (RIN) value.
Results: Different washing processes did not result in significant differences in RNA quantity or RIN values.
In the six tissues that were washed and immersed in DMEM for 1 hour, RIN values significantly decreased. The
quality of the extracted RNA from most specimens was excellent with the average RIN greater than 7.
Conclusions: RNA is stable in specimens washed in different processes for short periods, but RIN values may
decrease with prolonged wash times.
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Introduction

Colorectal cancer (CRC) is the second leading cause
of cancer-related death and the third most common

type of cancer worldwide.1 CRC is a heterogeneous disease
in terms of clinical behavior and response to therapy and
is associated with various genetic and epigenetic altera-
tions.2–4 Therefore, targeted and personalized treatments are
needed to decrease CRC mortality.5 Nucleic acids extracted
from CRC patients are essential for genomic and transcrip-

tomic studies. Low quality RNA can result in decayed gene
expression levels and decreased library complexity in RNA
sequencing processes.6 Specimen collection and washing
methods that do not compromise RNA quality or quantity
are needed to ensure high quality specimens.

Most cancer tissues dissected in hospitals are fixed in for-
malin and stored as paraffin-embedded (FFPE) tissue blocks
in the pathology department.7 The degradation and fragmen-
tation of RNA extracted from FFPE tissues make subse-
quent molecular analyses difficult.8–10 When surgical tissues
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are frozen in liquid nitrogen, the quality of RNA is reduced
during thawing.11 RNA stabilizing reagents are widely used
to preserve human tissue.11,12 The stabilizing reagent con-
tains a high concentration of quaternary ammonium sulfate
and cesium sulfate at controlled pH (5.2) that protects
against the denaturation of nucleic acids and proteins from
RNase, DNase, and protease.13–15 Tissues stored in the RNA
stabilizing reagent are suitable for transcriptome analyses
such as quantitative PCR16 and RNA-based microarray.17

In addition to investigating the genome and transcriptome
of CRC, surgical resection can generate primary cell lines
(2D and organoids) that are essential for exploring cancer
biology and drug development.18–21 Bacterial contamina-
tion is a major cause of CRC organoid failure.22 Therefore,
dissected tissues are immediately washed and then immer-
sed into cell culture medium with an antiseptic agent to
facilitate transport and generation of primary cell lines.
Afterward, tissues may be divided into small portions and
stored in the RNA stabilizing reagent for further study.

We investigated the quality and quantity of RNA extrac-
ted from CRC specimens kept in the RNA stabilizing reagent
at -80�C. Before storage, we washed tissues in phosphate-
buffered saline (PBS) or Dulbecco’s modified Eagle’s
medium (DMEM), and unwashed specimens served as con-
trols. We also observed the RNA stability of specimens
immersed in DMEM for 1 hour before generating organoids
and stored in the RNA stabilizing reagent.

Materials and Methods

Patients and tissues

Surgical colorectal tissues from 36 patients were collec-
ted at the Faculty of Medicine Siriraj Hospital, Mahidol
University. Written informed consent was given by all pati-
ents. All experiments were performed in accordance with
the ethical requirements and regulations of the Siriraj Insti-
tutional Review Board (SiIRB), protocol number 785/2559
(EC3) and certificate of approval number Si 076/2017. SiIRB
is in compliance with international guidelines for human

research protection such as the Declaration of Helsinki. The
cohort included patients ‡18 years of age with adenocarci-
noma. All patients had complete pathology and treatment
records. Pathology stages I, II, III, and IV were defined ac-
cording to the American Joint Committee on Cancer (AJCC)
staging system (7th Ed.).

Tissue preparation and collection

From the resected colorectal segment, the tissues were cut
into 5–10 mm pieces and washed with cold PBS (Thermo
Fisher Scientific, MA), washed with cold DMEM (Invitro-
gen, MA), or wiped with gauze. Both PBS and DMEM were
supplemented with 1 · antibiotic–antimycotic solution (Invit-
rogen). After washing and wiping until the stool was remo-
ved (usually <5 minutes to avoid RNA degradation), the
tissues were immediately placed in the stabilizing reagent
RNAlater (Invitrogen) and stored at -80�C until RNA ex-
traction. Six specimens were washed and placed in DMEM,
transported to the laboratory where they were immediately
generated to organoid culture, and then cut and stored in the
RNA stabilizing reagent (Fig. 1).

RNA extraction

Tissues were cut into 15–30 mg pieces and placed into
lysis buffer with lysing matrix Z (MP Biomedicals, CA).
They were homogenized using the FastPrep-24� 5G Instru-
ment (MP Biomedicals) at 6.0 m/s for 40 seconds ON and
3 minutes OFF cycles. During the OFF phase, the tube was
moved and placed on ice. The homogenization was per-
formed with two cycles until the lysate was clear. Then,
RNA was extracted using the RNeasy Mini Kit (Qiagen,
Hilden, Germany) according to the manufacturer’s protocol.
RNA was stored at -80�C.

RNA purity and quantity

The concentration and purity of extracted RNA were
determined using the NanoDrop 8000 Spectrophotometer
(Thermo Fisher Scientific). RNA purity was assessed by

FIG. 1. Experimental de-
sign. The cancer tissues from
36 CRC patients were collec-
ted from heterogenous sites
and washed for 2–3 minutes
with PBS, DMEM, or re-
mained unwashed. Then,
they were preserved in sta-
bilization reagent. Six tissues
from 6 patients (among the
36 patients) were minced,
washed in DMEM for 1 hour,
and sent for organoid gener-
ation. CRC, colorectal can-
cer; PBS, phosphate-buffered
saline; DMEM, Dulbecco’s
modified Eagle’s medium.
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measuring absorbance at 260 nm (A260), 280 nm (A280),
and 230 nm (A230). A ratio of A260/A280 of *2.0 is gen-
erally accepted as ‘‘pure’’ and evaluated as ‘‘excellent’’.23

Expected 260/230 values are in the range of 2.0–2.2.
We performed Qubit fluorometry with selective fluores-

cent dye stain for transcriptome sequencing, which is more
specific than spectrophotometric Nanodrop.24 Total RNA
yield was analyzed using a Qubit 2.0 Fluorometer (Thermo
Fisher Scientific) and the Qubit RNA High Sensitivity Kit
(Thermo Fisher Scientific) according to the manufacturer’s
standard protocol. Total RNA yield was defined as total
RNA concentration divided by tissue weight (mg/mg).

RNA integrity

The RNA integrity was analyzed using an electrophoresis
trace of the Agilent 2100 Bioanalyzer RNA 6000 Nano Chip
(Agilent Technologies, CA). The electrophoresis and the
ratio of 28s and 18s ribosomal RNA (28s:18s rRNA) bands
were analyzed and reported. RNA integrity number (RIN)
was calculated using the 2100 Expert Software (Agilent
Technologies). RIN values range from 10 (intact RNA) to
1 (completely degraded).25 Values greater than 7 are gener-
ally considered to be acceptable for RNA sequencing.

Statistical analysis

Statistical analysis was performed using IBM SPSS
ver.25.0 (SPSS, Inc., IL). The Shapiro–Wilk test was used to
determine if data were normally distributed. The clinical
characteristics and the average RIN of washing condition
groups were tested using the one-way analysis of variance
or the Kruskal–Wallis H-test. Comparison of the three wash-
ing processes was performed using the Friedman test. The

Wilcoxon signed-rank test was used for individual com-
parisons. Data with statistical values of p < 0.05 were con-
sidered to be statistically significant.

Results

Effect of patient characteristics on RNA integrity

CRC specimens (N = 102) were taken from 34 CRC pati-
ents (14 males and 20 females) with a tumor size >2 cm
(Fig. 1 and Table 1). The median age at diagnosis was 66.5
years (38–82). The majority of patients had moderately dif-
ferentiated adenocarcinoma (N = 31) and were in stage III
(N = 20). All stage IV patients had liver metastasis. Most
patients had tumor location sites at the sigmoid colon
(N = 12) or rectum (N = 8). In female CRC patients, the aver-
age RIN of PBS-washed tissues was significantly higher
than with other processes ( p < 0.05).

Effect of three tissue washing processes
on RNA purity and yield

We compared the purity and yield of RNA isolated from
tissues processed with PBS or DMEM, and unwashed spec-
imens served as controls. A260/A280 ratios showed no
statistical differences among the three processes; PBS =
1.962 – 0.131, DMEM = 1.949 – 0.128, and unwashed =
1.936 – 0.250 ( p = 0.620, Table 2 and Fig. 2A). The A260/
A230 ratios were *1.80 and were not significantly different
(Fig. 2B), suggesting that all RNA samples were pure and
suitable for use in downstream applications.

The RNA yields of the three processing conditions were
not statistically significantly different (Fig. 2C and Table 2).
This suggests that the wash processes did not affect the

Table 1. Effect of Clinicopathological Characteristics of Colorectal Cancer Patients

on the Average RNA Integrity Number

Characteristics

RIN

N Mean – SD PBS Mean – SD DMEM Mean – SD Nonea

Sex
Male 14 8.03 – 0.92 8.08 – 1.34 8.23 – 0.79
Female 20 8.96 – 0.89b 8.75 – 0.87 8.70 – 0.91

Age (median age) 38–62 (66.5)
>50 26 8.53 – 1.03 8.41 – 1.10 8.43 – 0.80
£50 8 8.72 – 0.96 8.70 – 1.24 8.73 – 1.15

Location
Colon 21 8.84 – 0.85 8.63 – 1.24 8.63 – 0.82
Rectum 13 8.15 – 1.11 8.22 – 0.87 8.30 – 0.96

Pathological grade
Moderately differentiated 31 8.59 – 1.04 8.53 – 1.12 8.51 – 0.88
Poorly differentiated 3 8.43 – 0.49 7.86 – 1.05 8.43 – 1.01

Tumor stage
I 6 8.30 – 1.45 8.76 – 0.87 8.56 – 1.04
II 6 8.30 – 1.08 8.68 – 1.27 8.20 – 0.66
IV 20 8.70 – 0.89 8.34 – 1.22 8.59 – 0.95
V 2 9.05 – 0.21 8.35 – 0.07 8.45 – 0.35

Size (cm)
>5 15 8.60 – 0.83 8.69 – 0.97 8.42 – 0.71
£5 19 8.56 – 1.14 8.31 – 1.22 8.57 – 1.01

aUnwashed.
bp < 0.05, Kruskal–Wallis H-test.
DMEM, Dulbecco’s modified Eagle’s medium; PBS, phosphate-buffered saline; SD, standard deviation.
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purity and quantity of RNA. All RNA samples were con-
sidered to be excellent. The total RNA yield was >1 mg/mg,
and the average A260/A280 and A260/A230 ratios were at
least 1.8 and sufficient for molecular analysis.

RNA integrity of three tissue washing processes

Generally, RNA is considered to be high quality when
the 28s:18s ribosomal RNA ratio is about 2.0 or higher.25

We evaluated the 28s:18s rRNA ratios and the number of
samples that reached a 28s:18s rRNA ratio ‡2 (Fig. 3A).
DMEM-washed tissue RNA had the lowest rRNA ratio, and
PBS-washed tissue had the highest ratio. Interestingly, only
16 of 34 DMEM-washed tissues had an rRNA ratio ‡2. This
indicates that the large subunit of rRNA extracted from

DMEM-washed tissues was partially degraded. However,
the ratios of 28s:18s among the three processes were not sig-
nificantly different (PBS = 2.197 – 0.440, DMEM = 2.003 –
0.580, None = 2.118 – 0.452, p = 0.091).

The average RIN value of RNA extracted using PBS
washing was 8.579 – 1.005; DMEM was 8.479 – 1.123,
and for the unwashed process was 8.509 – 0.884, ( p = 0.755)
(Table 2 and Fig. 3B). More than 70% of extracted RNA
(N = 102) from the three different processes had RIN values
higher than 7, suggesting that the RNA quality was excel-
lent. No extracted RNA had a RIN score lower than 4. All
washing processes resulted in high quality RNA that was
suitable for molecular applications.

Lower RIN values in DMEM condition for 1 hour

To generate organoids, we immersed the dissected spec-
imens in DMEM, cell culturing medium, for *1 hour, then
collected and preserved them in the RNA stabilizing reagent
(Fig. 1). To determine if immersion time affects RNA qual-
ity and quantity, RNA from six specimens was immersed
in DMEM for *1 hour before fixing in the RNA stabilizing
reagent. The average yields of six samples at 0- and 1-hour
time points were 2.795 and 3.329 mg/mg, respectively,
( p = 0.463) (Fig. 4A). RNA concentration remained stable
after 1 hour (Table 3 detailed in Supplementary Table S1),
but the RIN values and the 28s:18s rRNA were signifi-
cantly decreased at the 0- and 1-hour time points ( p < 0.05)
(Table 3). However, the RNA integrity of 83.3% of sam-
ples (N = 12) was still above seven and acceptable for RNA
sequencing (Fig. 4B).

Discussion

Improvements in genomic, transcriptomic, and proteomic
technologies have led to the identification of the molecular
basis of various diseases, including cancers, and resulted
in rapid advances in cancer research.26 Banking of high-
quality biological specimens is essential for cancer research.

Table 2. Effect of Different Wash Processes

on RNA Quality and Quantity of Colorectal

Cancer Tissues

Wash reagent N Mean – SD pa

A260/280 PBS 34 1.962 – 0.131 0.620
DMEM 34 1.949 – 0.128
Noneb 34 1.936 – 0.250

A260/230 PBS 34 1.818 – 0.295 0.627
DMEM 34 1.827 – 0.191
None 34 1.749 – 0.383

Yield (mg/mg) PBS 34 3.429 – 1.547 0.682
DMEM 34 3.793 – 1.268
None 34 3.527 – 1.493

28s:18s rRNA
ratio

PBS 34 2.197 – 0.440 0.091
DMEM 34 2.003 – 0.580
None 34 2.118 – 0.452

RINc PBS 34 8.579 – 1.005 0.755
DMEM 34 8.479 – 1.123
None 34 8.509 – 0.884

aFriedman test.
bUnwashed.
cAverage RNA integrity number.

FIG. 2. Comparison of the
purity and yield of extracted
RNA. (A) A260/A280 ratio
from all wash conditions.
(B) A260/A230 ratio from all
wash conditions. (C) RNA
yield from all wash condi-
tions (mg/mg). The yield of
isolated RNA was calculated
by total concentration di-
vided by tissue weight. Data
are shown as mean – SD of
34 independent samples. n.s.,
no statistically significant
difference; None, unwashed;
SD, standard deviation.
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Careful collection and storage of specimens helps to prevent
RNA, DNA, and protein degradation, especially RNA that is
rapidly degraded by RNase.

A CRC biobank was established in 2014 at the Faculty
of Medicine of Siriraj Hospital. The protocols for CRC fresh
tissue collection are continually being improved to sup-
port our live CRC biobank.27 Dissected CRC specimens are
washed with saline before preservation by snap-freezing or
immersion in a stabilizing reagent. Remnant specimens are
cut into pieces, rinsed with DMEM, transported to the lab-
oratory where the specimen is minced, and washed again
with DMEM for organoid generation. Normally, transport
to the laboratory is completed within 1 hour to prevent
biomolecule degradation. Therefore, we compared the effect
of different wash processes on the quality and quantity of
extracted RNA from human CRC that was stored in RNA
stabilizing reagent.

RNA stabilizing reagents help to maintain the integrity
of RNA in stored tissues,16,17 but optimal specimen col-
lection and handling are the first steps to reduce RNA deg-
radation. To maintain RNA stability, PBS may be used to
remove cell debris and blood in some solid cancers.28 In the
intestinal tissues of rats and human children, washing has
been reported to reduce RNA degradation, and different
washing solutions, media, and PBS had no effect on RIN.29

In children, the RNA of proximal intestinal tissue de-
grades much faster than that from distal parts of the intes-
tine.29 This differs from our finding that RIN was slightly
lower in colon tissue than from the rectum. This might be
explained by the different bowel content in children and
adult CRC patients. Digestive enzymes may contribute to
RNA degradation in children,29 while undigested or unab-
sorbed food may affect RNA degradation in CRC tissues.
Therefore, washing the bowel content from cut tissues could
help improve RNA stability.

Consistent with other reports, we observed that different
wash processes of 5-minute duration did not affect RNA
yield, purity, or integrity. For example, the Cooperative
Human Tissue Network reported that the RNA quality from
various epithelial cancer specimens, including CRC, was
stable within 5 hours after surgery.30 Micke et al. found that
RNA remained stable in colon tissues for 6–16 hours under
various conditions, including being left at room temperature
and kept in normal saline.31 Song et al. demonstrated that
the quality of tissue stored for 6 years was not adversely
influenced by cold ischemia times of <1 hour.32 Guo et al.
reported that the RNA of ischemia tumor tissues remained
stable after 2 hours at room temperature, and degradation
began at 4 hours.28

We found that RNA integrity was decreased after a 1-
hour immersion in DMEM, but the RNA yield was un-
changed. This suggests that specimens placed in DMEM for
up to 1 hour will remain sufficient for biobanking. Most
(83.3%) CRC tissues we assessed had a RIN score of >7.
This is consistent with other studies that reported an average
RIN >7 in CRC tissues.33,34 Several studies have demon-
strated that RIN values are organ dependent.35 Fleige et al.
reported higher RIN in extracted RNA from organ tissue and
lower RIN in RNA extracted from connective tissue.36

Bertilsson et al. reported that in prostate cancer, lower RIN
was found from the stroma but higher RIN was found in the
epithelium.37 This suggests that our CRC tissues were
mostly epithelial-rich cancers.

Our study has limitations. First, we did not have access to
pathology data that could demonstrate tumor cell content.
The tissues were dissected separately because heterogeneity
within a single tumor was needed, but this meant that tissues
subjected to different wash conditions had slightly different
origins. Although we found high quality RNA in most sam-
ples, we cannot be certain that these specimens had a high

FIG. 3. RNA quality of RNA extracted from three different wash CRC tissues. (A) The ratio of 28s:18s rRNA (rRNA) of
total extracted RNA. (B) The average of RIN from different wash conditions. Data are shown as mean – SD of 34
independent samples. n.s., no statistically significant difference; RIN, RNA integrity number.

FIG. 4. Impact of tissue immer-
sion in DMEM for 1 hour on RNA
quality. (A) The average RNA
yield at 0 and 1 hour (mg/mg).
(B) The average RIN at 0 and 1
hour. The yield of isolated RNA
was calculated by total concentra-
tion divided by tissue weight. Data
of yield are shown as mean – SD of
six independent samples. p, the
p-value of mean of six independent
samples at 0 and 1 hour.
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tumor cell content. Zheng et al. reported a significant cor-
relation between RNA integrity and the percentage of colo-
rectal tumor cells with tumor cell content ‡75% and a RIN
‡7.38 Zhang et al. reported that higher RIN values were
observed in samples with higher tumor cell percentage or
lower stroma percentage.39 Second, we did not conduct gene
expression analysis and so we cannot prove that the extrac-
ted RNA was functional. Third, our analysis was limited
by small sample sizes in each wash condition group.

Consistent with our findings, previous studies have re-
ported that RNA degradation of frozen tissues is time de-
pendent.28,32,33 However, another study concluded that
RNA degradation is a minor problem in real-time PCR
during handling of fresh human tissues before biobanking.31

Additional analysis is needed to determine if immersing
specimens in reagents for a prolonged period affects whole
transcriptome analysis.

Conclusions

Different tissue washing processes did not affect the qual-
ity or quantity of RNA extracted from CRC tissues. Most
samples had similar quality in terms of overall RNA yields
and integrity. Our results suggest that a wash duration of
1 hour in DMEM can reduce RNA integrity. The integrity of
extracted RNA is best protected by a wash period of not
>5 minutes.
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