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Real-time reverse transcription polymerase chain reaction (RT-PCR) is regarded as one of the most useful
and powerful tools for characterizing hematopoietic stem cells (HSCs), because samples of extremely
small cell numbers can be analyzed. The expression levels determined by RT-PCR are based on relative
quantification; therefore, the selection of an appropriate reference gene with a relatively stable
expression level under most conditions is crucial. Here, we determined that beta2-microglobulin (B2m)
is an appropriate reference gene for analyzing mouse HSCs by a novel method using single-cell RT-PCR.
Clonally sorted HSCs were subjected to RT reactions with exogenous RNA fragments and then to real-
time PCR. Next, the relative gene expression levels of 4 well-known housekeeping genes were quanti-
fied in each single cell sample based on the threshold cycle of exogenous RNA. The analysis revealed that
B2m expression was reproducibly detected in almost all HSCs and that B2m had the most stable
expression level among the compared genes, even after the cells had been cultured under various
conditions. Thus, our results indicate that B2m can reliably be used as a reference gene for the relative
quantification of expression levels in HSCs across various conditions. Furthermore, our work proposes a
novel method for the selection of appropriate reference genes.

© 2015, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. All
rights reserved.
1. Introduction

Hematopoietic stem cells (HSCs) have the ability to self-renew
and to differentiate into multiple lineages, and they govern the
maintenance of the hematopoietic system by giving rise to all blood
cell types. Generally, to elucidate the biological mechanisms that
regulate HSC functions, gene expression analyses, such as reverse-
transcription polymerase chain reaction (RT-PCR), DNAmicroarrays
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and RNA sequencing, are employed [1,2]. In addition, gene
expression assays can be used with an extremely small number of
cells because these assays estimate the expression level of mRNA
through the quantification of amplified cDNA. Therefore, these as-
says greatly contribute to the characterization of HSCs, which are
difficult to be prepared in large numbers. To compare the gene
expression levels of target genes between samples by using RT-PCR,
expression levels are generally normalized to housekeeping genes
(HKGs) as internal controls. Therefore, the selection of an appro-
priate reference gene in real-time RT-PCR is crucial for an accurate
comparison of samples based on a relative quantitative estimation
of gene expression. Ideally, genes utilized as references should
exhibit stable expression levels in individual cells under different
conditions. Unstable expression levels of a reference gene may
result in inaccurate calculations of the expression levels of target
genes and incorrect interpretations of experimental results.
Although an appropriate reference gene for HSCs has never been
proposed, many researchers have still analyzed gene expression in
these cells by using real-time RT-PCR.

It is known that HSCs typically reside in a specialized micro-
environment, termed a “niche”, within the bone marrow that
sting by Elsevier B.V. All rights reserved.
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regulates their functions [3]. Most HSCs reportedly maintain a
quiescent state in the bone marrow niche [4e6], and this non-
cycling state is thought to protect HSCs from external stresses.
However, under the appropriate in vitro conditions, HSCs report-
edly show a greater potential for cell proliferation, compared to
other hematopoietic cells containing multi-potential progenitors
(MPPs) [7,8]. During such ex vivo culture, HSCs are likely to exhibit a
highly active state, in contrast to their quiescent state in vivo. This
suggests that the expression levels of various genes, including some
of the HKGs used as reference genes, could be altered between
in vitro and in vivo conditions [9].

In the present study, we show that the expression level of beta2-
microglobulin (B2m) is relatively stable compared with other
reference genes, even after culturing HSCs under 3 different con-
ditions. Using cDNA synthesized from clonally sorted HSCs together
Fig. 1. Single-cell gene expression analysis strategy. (A) Experimental design of the single-ce
initial reaction mix, including Ambion® ERCC RNA Spike-In Mixes for quality control. Usin
synthesize first-strand cDNAs with adapter sequences at both the 50 and 30 ends. Subsequ
sequences, and these amplicons were used as the templates for single-cell real-time RT-PCR.
RNA were examined by real-time PCR simultaneously with the target genes. As the first step
the median Ct of each of 3 control ERCC RNAs in each independent experiment were used. In
samples (lacking a cell), attributed to a cell sorting error, and were removed from the analy
templates were further amplified through 10 additional cycles of PCR (data not shown).
with exogenously added RNA fragments, we estimated the
expression levels of genes that are frequently used as reference
genes using relative quantification based on the threshold cycle of
exogenous RNA in single cells. Our present study demonstrates that
B2m is one of the most appropriate reference genes for RT-PCR
analysis of HSCs and provides a novel method for examining
appropriate reference genes for single-cell RT-PCR.

2. Materials and methods

All animal experiments were performed according to the
“Guidelines of Tokyo Women's Medical University on Animal Use”,
the “Principles of Laboratory Animal Care” formulated by the Na-
tional Society for Medical Research, and the “Guide for the Care and
Use of Laboratory Animals” prepared by the Institute of Laboratory
ll gene expression assay. HSCs were clonally sorted into 96-well PCR plates containing
g the indicated primers, an RT reaction followed by an SMART reaction was used to
ently, cDNA was amplified by 20 cycles of PCR using a primer containing the adapter
(B) For quality control of these templates, the threshold cycle (Ct) values of control ERCC
of quality control, only single-cell samples that exhibited Ct values within ±2 cycles of
addition, samples that had no detectable signal for any gene were deemed to be empty
sis. These samples repeatedly showed negative signals for all target genes even when
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Animal Resources and published by the National Institutes of
Health (NIH Publication No. 86-23, revised 1985).

2.1. Antibodies and the 2nd reagent

Unless otherwise noted, the following monoclonal antibodies
were purchased from BioLegend (San Diego, CA) and were used for
cell sorting and flow cytometric analysis: anti-c-Kit (2B8), anti-
CD34 (RAM34, eBiosciences, San Diego, CA), anti-CD150 (TC15-
12F12.2), anti-CD48 (HM48-1), anti-Sca-1 (E13-161.7), anti-CD45.2
(104), anti-CD45.1 (A20), anti-B220/CD45R (RA3-6B2), anti-Mac-1
(M1/70), anti-Gr-1 (RB6-8C5), anti-CD4 (RM4-5) and anti-CD8
(53-6.72). PE-Texas Red-conjugated streptavidin was purchased
from BD Biosciences (Pharmingen, San Jose, CA).

2.2. Cell sorting and flow cytometric analysis

Whole bone marrow cells were prepared from mice as previ-
ously described [10]. HSCs were sorted using a MoFlo™ XDP flow
cytometer (Beckman Coulter, Brea, CA), as previously described
[11].

2.3. Single-cell gene expression analysis

The synthesis and pre-amplification of cDNA derived from sin-
gle cells were performed using a SMARTer Pico cDNA amplification
Fig. 2. B2m expression could be stably detected in uncultured, fresh HSCs. The expression
HSCs (CD150þCD34�KSL cells). (A) Frequency of HSCs in which the expression of the indica
signal/examined cells in an experiment; 3 independent experiments were performed. To in
Actb (B), Gapdh (C) and Hprt (D) were compared between templates prepared from either 10
genes that were normalized to the Ct values of B2m. Data are shown as mean ± S.D. (singl
kit (Clontech, Mountain View, CA) according to the manufacturer's
instructions, with minor changes. Briefly, cells were clonally sorted
directly into 96-well PCR plates that contained 3 ml of initial reac-
tion mix containing 0.0067% NP40 (Roche, Basel, Switzerland),
0.53 U/ml RNaseOUT (Life Technologies, Carlsbad, CA) and Ambion®

Extenal RNA Controls Consortium (ERCC) RNA Spike-In Mixes (Life
Technologies) per well and treated at 72 �C for 2 min. Next, reverse
transcription (RT) and SMART (Switching Mechanism at 50 End of
RNA Template) reactions were performed at 42 �C for 90 min using
the original RT reaction mix supplemented with 0.53 U/ml RNase-
OUT and 0.033 mg/ml T4 gene 32 protein (Roche), followed by heat-
treatment at 70 �C for 10 min to inactivate the RT enzyme. The
synthesized cDNA templates with universal sequences at both their
50 and their 30 ends were pre-amplified by 20 cycles of PCR. Real-
time RT-PCR was performed using the BioMark™ HD system (Flu-
idigm, South San Francisco, CA) with a TaqMan® probe (Fig. 1A). To
control for template quality, the threshold cycle (Ct) values of 3
selected control ERCC RNAs (ERCC-00130, ERCC-00002, ERCC-
00113) were simultaneously examined, and only experimental
samples that showed threshold cycles within 2 cycles of themedian
values of each ERCC RNA were employed in the relative quantifi-
cation of the expression level of the reference genes (Fig. 1B). The
following pre-made TaqMan® MGB probes and primer sets were
purchased from Life Technologies: beta-actin (Actb)
(Mm00607939_s1, Mm01205647_g1), B2m (Mm00437762_m1,
Mm00437764_m1), glyceraldehyde-3-phosphate dehydrogenase
of the 4 indicated housekeeping genes was examined using single-cell RT-PCR in fresh
ted genes could be detected. The numbers in parentheses represent cells with positive
vestigate the influence of scaling down to the single-cell level, the expression levels of
,000 cells or single cells. The graphs represent the mRNA expression levels of indicated
e cell: n ¼ 159; 10,000 cells: n ¼ 3).
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Fig. 4. The expression level of B2m in HSCs is relatively independent of the influence of ex vivo culture. Using the results of single-cell real-time RT-PCR, changes in the expression
levels of the indicated genes in HSCs were examined after ex vivo culture. The expression levels of these genes in individual single-cell samples were normalized to the Ct values of
ERCC-00130, an external control RNA. The graphs show relative expression values of Actb (A), B2m (B), Gapdh (C) and Hprt (D). Data are shown as mean ± S.D. (**p < 0.05, Fresh:
n ¼ 159, SCF þ TPO: n ¼ 148, SCF: n ¼ 163, TPO: n ¼ 127).
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(Gapdh) (Mm99999915_g1), hypoxanthine phosphoribosyl trans-
ferase (Hprt) (Mm01318741_m1, Mm00446968_m1), ERCC-00130
(Ac03459943_a1), ERCC-00002 (Ac03459872_a1), ERCC-00113
(Ac03459936_a1). In addition, an alternative probe and primer
set named “AIFASHW” was designed using the Custom TaqMan®

Assay Design Tool for the detection of Gapdh expression. Approxi-
mately 7% of the samples had no detectable signal for any of the
target genes (data not shown). These samples were assumed to lack
cells as a result of cell-sorting error and were removed (Fig. 1B). We
confirmed that these samples had no detectable signal even after
further amplification by PCR (data not shown).

2.4. Real-time RT-PCR analysis of bulk samples

Using 10,000 sorted cells from each sample, total RNA was
extracted by ISOGEN (Nippon gene, Tokyo, Japan), prior to the
synthesis of cDNA by using the SMARTer Pico cDNA amplification
kit, as previously described [1]. Next, cDNA templates were sub-
jected to pre-amplification by PCR, as previously described [1].
Amplified cDNA samples were assessed by real-time RT-PCR using
the BioMark™ HD system with a TaqMan MGB probe (Life
Technologies).

2.5. The calculation of “expression values”

To assess the expression levels of genes in each sample, we
calculated “expression values” for the target genes by normalizing
their expression to the Ct values for B2m or ERCC-00130, one of the
control ERCC RNAs, using the DDCt method.

2.6. HSC culture

CD150þCD34�KSL HSCs were sorted and cultured for 5 days in
S-Clone SF-03 medium (EIDIA, Tokyo, Japan) supplemented with
0.5% bovine serum albumin (Sigma, St. Louis, MO) and 50 ng/ml
mouse stem cell factor (SCF) and/or 50 ng/ml mouse
Fig. 3. B2m is stably expressed in HSCs, even after ex vivo culture. (A) CD150þCD34�KSL ce
TPO. After the culture, CD48�KSL cells, referred to as the cultured HSC population [18], were
Frequency of cells in which the expression of the indicated genes could be detected before a
examined cells under each condition. (C) Heat maps showing the expression values of the
conditions. The expression levels of these genes were normalized to the Ct values of ERCC-
n ¼ 163, TPO: n ¼ 127).
Thrombopoietin (TPO) (both from R&D Systems, Minneapolis, MN),
as previously described [1].
3. Results

To date, reports on reference genes have examined threshold
cycles (Ct) determined by real-time RT-PCR using equal amounts of
total RNA, thereby comparing the expression levels of these refer-
ence genes between samples [12e14]. However, the possibility that
an assay based on the quantity of the total RNA in a sample could
incorrectly reflect changes in the expression of that RNA at the
cellular level cannot be excluded, particularly when the amount of
total RNA per cell differs between samples. Therefore, because the
results of such pooled RT-PCR assays seem to be dependent on the
changes of the amount of total RNA in cells, we focused on single-
cell RT-PCR as a tool to accurately examine changes in RNA
expression at the cellular level.

Initially, we clonally sorted fresh CD150þCD34�KSL cells into the
wells of a 96-well PCR plate and subsequently examined the
expression of frequently used reference genes, Actb, B2m, Gapdh
andHprt, using real-time RT-PCR (Fig. 1A and B). The assays showed
that B2m was detected in all uncultured, fresh HSCs (Fig. 2A).
However, unexpectedly, the expression of Actb, Gapdh and Hprtwas
undetectable in approximately 15%, 40% and 80% of HSCs, respec-
tively (Fig. 2A). We further examined the expression of these genes
by real-time RT-PCR using alternative primer and probe sets, but
obtained similar results (Fig. 2A). This indicated that almost all
fresh, uncultured HSCs consistently express B2m but not the other 3
commonly used reference genes. However, these 3 genes are
essential factors for the maintenance of cell function [15e17],
suggesting the possibility that these 3 genes were expressed but
the sensitivity of our single-cell gene expression assay was insuf-
ficient to detect the transcripts. Therefore, to confirm the validity of
this single-cell PCR system, we compared the expression levels of
these 3 reference genes between templates prepared from 10,000
cells and single-cell samples by normalizing to the Ct values of B2m.
lls were cultured for 5 days under 3 different conditions in the presence of SCF and/or
clonally sorted and subsequently subjected to single-cell gene expression analysis. (B)
nd after culture. The numbers in parentheses represent cells that had positive signals/
indicated genes in individual HSCs before and after the culture under the 3 different
00130, an exogenously added control RNA. (Fresh: n ¼ 159, SCF þ TPO: n ¼ 148, SCF:
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Consequently, the bulk and the single-cell samples showed similar
mean expression values for each gene (Fig. 2BeD). These results
indicated that the scale-down necessary for the single-cell system
had little influence on the detection sensitivity for the expression of
these 3 reference genes, which strongly suggested that our single-
cell RT-PCR system is comparable to RT-PCR using bulk samples in
terms of detection sensitivity for gene expression. Therefore, our
single-cell PCR system likely reflected the heterogeneous expres-
sion pattern of Actb, Gapdh and Hprt in fresh HSCs.

Next, we examined whether ex vivo stimulation affects the
expression of these reference genes using single-cell RT-PCR. Fresh
HSCs were cultured for 5 days under 3 different conditions in
medium containing SCF, TPO, or both. After the culture, CD48�KSL
cells, a cultured HSC-enriched population [18], were clonally sorted
and subjected to real-time RT-PCR at the single-cell level (Fig. 3A).
All 3 culture conditions led to an increased frequency of cells
expressing Actb, Gapdh or Hprt, and the expression of B2m was
detected in almost all the HSCs under the any conditions (Fig. 3B).
Moreover, using the results of single-cell real-time RT-PCR assays,
we calculated the expression values of the 4 examined reference
genes in individual cells based on the Ct values of control ERCC RNA.
Although the expression levels of each of these genes in HSCs
increased regardless of culture condition, particularly in the pres-
ence of SCF and TPO, the change in B2m expression is likely to lower
than any other genes (Fig. 3C). In order to quantitatively confirm
this result, we compared themean expression values between fresh
and cultured HSCs. Culturing HSCs in the presence of SCF and TPO
led to a more than 4-fold increase in the expression levels of Actb,
Gapdh and Hprt compared with fresh, uncultured cells, whereas the
expression of B2m increased approximately 1.5-fold in these con-
ditions (Fig. 4). Furthermore, following culture under other condi-
tions, the expression level of B2m in HSCs exhibited the least
change out of the 4 reference genes (Fig. 4). Taken together, these
data indicated that the expression of B2m in HSCs is relatively
stable compared with the 3 other reference genes, suggesting that
B2m is the most appropriate reference gene in HSCs under the
examined conditions.

4. Discussion

In this study, we demonstrated that B2m expression was rela-
tively constant in mouse HSCs, even under 3 different culture
conditions (Fig. 4B). In addition, B2m expression was detected at
the single-cell level in almost all HSCs (Figs. 2A and 3B). Therefore,
our results suggest that B2m is a candidate reference gene for RT-
PCR analyses of mouse HSCs and that normalizing RT-PCR results
to B2m expression accurately reflects changes in the expression
pattern of target genes in HSCs. In addition to functioning as a
reference gene for relative quantification in real-time RT-PCR, B2m
may be useful as a marker to confirm the presence of cells in single-
cell RT-PCR assays using HSCs. B2m is a component of major his-
tocompatibility complex (MHC) class I molecules. MHC class I
molecules not only play a key role in protection against virus-
infected cells or tumor cells by presenting their antigens to killer
T cells but also function as markers for self-recognition to prevent
attacks by autologous killer T cells [19e21]. Our observation that
B2m expression was uniformly stable in individual HSCs is consis-
tent with these functions of MHC class I molecules in immune
defense. However, the possibility cannot be excluded that B2m
expression is more significantly altered under conditions that were
not tested in this study. In fact, treatment with inflammatory cy-
tokines (e.g., interferon-g) reportedly enhances B2m expression in
macrophages [22]. Therefore, it may be necessary to compare B2m
expression levels between samples before examining the expres-
sion levels of target genes by relative quantification using real-time
RT-PCR, particularly when the influence of inflammatory cytokines
is predicted.

Typically, to compare reference gene expression levels between
samples, an equivalent amount of total RNA from each sample is
subjected to real-time RT-PCR and the samples' Ct values are
compared. However, this method may not accurately reflect the
expression levels of the reference genes, particularly if the amount
of total RNA per cell is significantly different between samples. By
contrast, our method, which is based on single-cell RT-PCR, always
enables the accurate comparison of reference gene expression
levels between samples with the same number of cells. Moreover,
this method can reveal changes in expression level per cell, but not
the proportion of a particular mRNAwithin the total RNA. There are
no reports of this type of clonal analysis being employed to
compare the expression levels of reference genes between samples
of interest. In addition, our system utilized exogenous RNA spiked
into each single-cell sample to more strictly control for template
quality and to more accurately estimate reference gene expression
as a standard control. In conclusion, we provide a novel method
based on single-cell analysis to select an appropriate reference gene
for RT-PCR based on changes in its per-cell gene expression. In
addition, this assay can be used to calculate fold changes in the
expression levels of reference genes between samples, resulting in
a correction factor for accurately comparing target gene expression
between the samples.

Although our single-cell system shows equal sensitivity to RT-
PCR using bulk samples as evidenced by similar expression values
for Actb, Gapdh and Hprt between single cell and bulk samples
(Fig. 2BeD), expression of these 3 reference genes could not be
detected in all of the fresh HSCs at the single-cell level (Fig. 2A).
These results indicate that our single-cell assay reveals the het-
erogeneity of the expression levels of these reference genes in the
HSC population, particularly in an uncultured state. However,
whether cells without positive signals in real-time RT-PCR actually
lack expression of these genes remains controversial. The possi-
bility that ourmethod is insufficient to detect very lowmRNA levels
of these genes cannot be excluded. However, because our assay is
based on the SMARTmethod, which uses oligo-d(T) primers, it may
be sensitive to the secondary structure of mRNA. This method is
useful for preparing cDNAs with adapters at both the 50 and the 30

ends, although the addition of an adapter at the 30 end of the cDNA
is not induced by the template switch unless the RT reaction
completely finishes at the 50 end of the RNA fragment. Therefore,
the secondary structure of mRNA may negatively influence pre-
amplification of the cDNA by PCR with the universal primer
because the adapter at the 30 end of the cDNA may not become
incorporated due to an incomplete RT reaction, resulting in
decreased signal in real-time PCR. Indeed, B2m has the shortest
length of the 4 genes analyzed (B2m: 858 bp, Actb: 1889 bp, Gapdh:
1296 bp, Hprt: 1349 bp), and analyzing the secondary structures of
these 4 mRNAs using CentroidFold (http://www.ncrna.org/
centroidfold/) reveals that B2m has a simpler secondary structure
compared with the other 3 mRNAs (data not shown). Thus, these
findings support the idea that the problematic secondary structure
of RNA may have a negative influence on the SMART reaction
method using oligo-d(T) primers. Therefore, othermethods that are
more resistant to the influence of RNA secondary structure (e.g., RT
reaction and subsequent pre-amplification using gene-specific
primers) may improve the detection of these 3 genes at the
single-cell level.

Taken together, these data demonstrate that the expression of
B2m in HSCs is stable and constant in both uncultured cells and
cells under several culture conditions, as detected via single-cell
RT-PCR. Therefore, our results suggest that B2m is an appropriate
reference gene for accurate estimation of gene expression level by

http://www.ncrna.org/centroidfold/
http://www.ncrna.org/centroidfold/
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RT-PCR in mouse HSCs. Furthermore, we propose a novel method
for examining the expression levels of reference genes using the
single-cell RT-PCR system, which can be adapted for other cell types
in addition to HSCs. In conclusion, this study provides a novel
method for the selection of reference genes to correctly estimate
the expression levels of target genes and provides evidence that
B2m is an appropriate reference gene in mouse HSCs.
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