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Abstract

The genes encoding B-actin (ACTB in human or Actb in mouse) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH in
human or Gapdh in mouse) are the two most commonly used references for sample normalization in determination of the
mMRNA level of interested genes by reverse transcription (RT) and ensuing polymerase chain reactions (PCR). In this study,
bioinformatic analyses revealed that the ACTB, Actb, GAPDH and Gapdh had 64, 69, 67 and 197 pseudogenes (PGs),
respectively, in the corresponding genome. Most of these PGs are intronless and similar in size to the authentic mRNA.
Alignment of several PGs of these genes with the corresponding mRNA reveals that they are highly homologous. In
contrast, the hypoxanthine phosphoribosyltransferase-1 gene (HPRT1 in human or Hprt in mouse) only had 3 or 1 PG,
respectively, and the mRNA has unique regions for primer design. PCR with cDNA or genomic DNA (gDNA) as templates
revealed that our HPRT1, Hprt and GAPDH primers were specific, whereas our ACTB and Actb primers were not specific
enough both vertically (within the cDNA) and horizontally (compared cDNA with gDNA). No primers could be designed for
the Gapdh that would not mis-prime PGs. Since most of the genome is transcribed, we suggest to peers to forgo ACTB
(Actb) and GAPDH (Dapdh) as references in RT-PCR and, if there is no surrogate, to use our primers with extra caution. We
also propose a standard operation procedure in which design of primers for RT-PCR starts from avoiding mis-priming PGs
and all primers need be tested for specificity with both cDNA and gDNA.

Citation: Sun Y, Li Y, Luo D, Liao DJ (2012) Pseudogenes as Weaknesses of ACTB (Actb) and GAPDH (Gapdh) Used as Reference Genes in Reverse Transcription
and Polymerase Chain Reactions. PLoS ONE 7(8): e41659. doi:10.1371/journal.pone.0041659

Editor: Arun Rishi, Wayne State University, United States of America
Received April 13, 2012; Accepted June 25, 2012; Published August 22, 2012

Copyright: © 2012 Sun et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted
use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This work was supported by a grant from the United States Department of Defense (DOD Award W81XWH-11-1-0119) to DJL. The funding agency had

* E-mail: luodianzhong@yahoo.com.cn (DZL); djliao@hi.umn.edu (DJL)

no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

Introduction

Determination of mRNA level of an interested gene in
cukaryotic cells often involves conversion of the mRNA to cDNA
by reverse transcription (RT), followed by polymerase chain
reactions (PCR). This RT-PCR approach is much more sensitive
than other methods such as Northern blot, because PCR amplifies
the cDNA in an exponential manner. So often, the RT-PCR
products need to be compared between two, or among more,
samples to determine whether some sample(s) have a different
mRNA level of the interested gene from the others [1]. In this
case, a reference gene is needed for sample normalization, i.e. for
assessing that an equal amount of the RT products from all the
samples is used as template in the PCR. Because RT-PCR is so
sensitive that it can detect the mRINA level even in a single cell,
variation in the expression level of the reference gene needs to be
tightly controlled, otherwise a bias may be produced. Ideally,
expression of the reference gene should be constant in all situations
and should be refractory to all the changes in the experimental
conditions. At least, its expression should not be changed by the to-
be-studied situation.

There has been a long list of genes that have been used as
references in RT-PCR [2-6], of which the genes encoding B-actin
(ACTB in human or Actb in mouse, according to the NCBI
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nomenclature of genes) and glyceraldehyde-3-phosphate dehydro-
genase (GAPDH in human and Gapdh in mouse) are the two most
frequently used ones [1]. The hypoxanthine phosphoribosyltrans-
ferase-1 (HPRT1 in human and Hprt in mouse) is also used often
[5,7,8]. The reason for having so many reference genes is because
none of them really meets the above mentioned ideal criteria, and
therefore researchers have to select different ones according to
their to-be-studied situations [9-11]. The weaknesses of most
reference genes have been discussed in the literature and pertain
mainly to the stability or variation of their expression in different
situations [12—14], with only very few concerning the influence of
pseudogene (PG) in their fidelity as references [15-17]. ACTB,
Actb, GAPDH or Gapdh had been used as references in RT-PCR
long before the human and mouse genomes were fully sequenced.
Although individual PGs of these genes in the human and mouse
were reported a long time ago, these genes continue serving as
references, because some peers do not realize that these genes have
PGs while many others consider that most PGs are not
transcribed, which actually has been a generally accepted concept
for a long time.

According to a report from the human genome project, about
1.1% of the human genomic DNA belongs to exons while 24%
belongs to introns, together about a quarter of the genome owned
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by the protein coding genes [18]. However, the majority of the
remaining three quarters is not junk and is actually also
transcribed at least in some cell types or at some times [19]. After
sequencing the RNA transcripts from about 1% of the human
genome, the ENCODLE pilot project reports that 93% of the bases
in this 1% of the genome are transcribed [20]. The human
genome contains only about 20,000 protein coding genes but
about 19,000 PGs, although probably less than 20% of the PGs
are commonly transcribed [21]. Like most other non-coding
RNAs, many PG transcripts may be functional, such as in
regulation of the expression of their parental genes [21-23]. There
are even further lessons that in some situations processed PGs are
transcriptionally activated but are mistaken as the turn-on of the
authentic genes that are actually inactive [24-26]. These facts
actually arouse in us a concern as to whether genetic knockout of
one gene would change its PG expression or, after some latent
period of time, even trigger expression of some of its PGs that are
otherwise silent in some tissues or cell types, since reports on gene-
knockout animals hardly address this aspect. In short, these latest
advances in RNA biology are revolutionary to biomedical science
as they not only challenge the definition of “gene” [27] and many
other fundamental concepts in our mind but also require us to
reevaluate some experimental methodologies. As an example, in
this report we provide bioinformatic data showing that ACTB
(Actb) and GAPDH (Gapdh) have many PGs in the human and
mouse genomes, which may affect the fidelity of these genes as

references for RT-PCR.

Materials and Methods

In the database of National Center for Biotechnology Informa-
tion (NCBI) of the United States, the mRNA sequence of all genes
1s presented as DNA sequence, ie. uracil (U) is replaced by
thymine (T). According to the nomenclature of the NCBI, the
name of human genes should be fully capitalized whereas the
name of mouse genes should be capitalized only the first letter. We
pulled out the mRNA sequences of ACTB, Actb, GAPDH,
Gapdh, HPRT1 and Hprt from the NCBI database; the gene
identification (gi) number and mRNA access number were
provided in Fig. S1, prior to the corresponding sequence. PGs
were identified using online software and databases as indicated.
An online software (http://biotools.umassmed.edu/bioapps/
primer3www.cgi) was used for primer design. Insilico PCR was
performed with two different online software packages (http://
insilico.ehu.es/PCR/ and http://genome.csdb.cn/cgi-bin/hgPcr).

The cell lines from which data were presented include GI101A
human breast cancer cell line as well as Panc-1, Panc-28,
Coolo357 and L3.5pL. human pancreatic cancer cell lines; all
these cell lines are well documented in the literature. E6E7st non-
transformed and E6E7st/ras transformed human pancreatic
ductal epithelial cell lines were provided by Dr. Paul Campbell
[28]. M8 mouse pancreatic [29] and ND5 mouse breast [30]
cancer cell lines were established by us previously. All cell lines
were cultured with DMEM containing 5% bovine serum and were
harvested when the cells reached about 70% confluence. Isolation
of total RNA from the cells was performed using Trizol
(Invitrogen, Cat. 15596-026; www.invitrogen.com), following the
manual. Genomic DNA (gDNA) was isolated with the traditional
phenol-chloroform method. The gDNA samples were treated with
RNase A whereas the RNA samples were treated with DNase I,
both followed by extraction with phenol and chloroform to
remove the enzyme. The DNA or RNA samples were then
precipitated and washed with ethanol at a final concentration of
70%.
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An aliquot of RNA from each cell line was reverse-transcribed
to cDNA with random hexamers and M-MLV Reverse Tran-
scriptase (Promega, Cat. M1705; www.promega.com), following
the manual. Forty cycles of PCR were performed to ensure that
the reactions entered into the plateau of the amplification of the
authentic cDNA and that possible PGs were detectable. PCR
products were separated in 1% agarose gel, visualized with
ethidium bromide staining, and photographed with Kodak Digital
Campture DC290 Camera under a UV light.

Results

Identification of PGs of the ACTB, Actb, GAPDH, Gapdh,
HPRT1 and Hprt

The mRNA (actually shown as DNA) sequences of the ACTB,
Actb, GAPDH, Gapdh, HPRT1 and Hprt, with their gene
identity and mRINA access numbers, are shown in figure S1. The
GAPDH has an mRNA variant (NM_001256799.1) that is
transcribed from an alternative initiation site and thus differs
from the wild type mRNA (NM_002046.4) at the 5'-part (Fig. S1).
Like many RNA transcripts [19], Actb and Hprt mRNAs contain
only poly-A signal but lack a long poly-A tail (Fig. S1), which is a
reason for us to perform RT with random hexamers. We used
these mRINA sequences, after deleting the poly-A tail from those
having it, as a bait to fish out their PGs from the corresponding
(human or mouse) genome in the UCSC Genome Browser
Database (http://genome.ucsc.edu/) by performing Blat search
[31]. The UCSC Genome Browser scores similarity according to
not only sequence identity but also sequence length, gap, etc, with
a higher score indicating a generally better similarity. The results
identified 64, 69, 67, 197, 3 and 1 PGs for the ACTB, Actb,
GAPDH, Gapdh, HPRT1 and Hprt, respectively (table 1), which
score over 200 and have over 80% identity to the bait. Those
genomic sequences that score less than 200 are not counted in,
although they still have over 83% identity to the bait and span
several hundred nucleotides (nt) on the corresponding chromo-
some. The details of these PGs, such as their chromosomal
locations, sizes, starting and ending nt, homologues, etc, are shown
in figures 1 and 2 as well as figures S2, S3, S4 and S5. Most of
these PGs are processed, i.e. intronless, as they are similar in size to
the bait. Use of other tools such as Blast of the NCBI database
(http://blast.ncbi.nlm.nih.gov/Blast.cgi), search from other sourc-
es such as the PG database (http://www.pseudogene.org/), or
mmposition of different criteria for the cutoff may result in different
numbers of PGs. For instance, another study identified only 56
PGs of the GAPDH and 166 PGs of the Gapdh [32]. However,
the conclusion remains the same that there are many PGs of these
genes in the human and mouse genomes.

Table 1. Number of putative pseudogenes.

Human Mouse
Gene ACTB GAPDH HPRT1 Actb Gapdh Hprt
Number 64 67 3 69 197 1

Note: Only those putative pseudogenes that score over 200 are counted, with
details are presented in S-Fig. 2, 3, 4, and 5.
doi:10.1371/journal.pone.0041659.t001
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ACTIONS QUERY SCORE START END QSIZE IDENTITY CHRO STRAND START END SPAN
- - o st et T -

browser details YourSeg 1397 1 1405 1405 100.0% X+ 133594175 133634688 40514 1 I 1405
browser details YourSeq 726 193 1384 1405 84.1% 11 - 93723936 93732367 8432 — &
browser details YourSeq 480 269 1404 1405 86.2% 5 + 30248557 30249582 1026
brouser details YourSeq 461 213 1143 1405 85.2% 4 - 15866237 15867510 1274 193 1384
browser details YourSeq 28 531 564 1405 96.8% 1 - 113506922 113506956 35 213 1143
brouwser details YourSeg z6 o1 132 1405 93.4% 16 4+ 22448581 22448622 4z - >
brouser details YourSeq 2z 1322 1344 1405 100.0% 1+ 57058615 57058642 28

Forward primer (123-142nd nt)

AGRGCCATTCC!

CRG TR
Reverse prim

Figure 1. Identification of HPRT1 PGs for primer design. Top panel: Blat search using HPRT1T mRNA sequence (1405-bp long after deletion of
the poly-A tail) as the bait pulls out three putative PGs, besides the authentic HPRT1 genomic sequence that spans 40514 nt on the plus strand of X
chromosome. The three putative PGs match the 193-1383rd, the 269-1413th, and the 213-1143rd nt regions of the HPRT1 mRNA as illustrated. There
are three additional very short fragments, spanning only 28, 35 and 35 bp, respectively, that also match parts of HPRT1T mRNA but are not considered
as PGs. Bottom panel: We pulled out the sequence of each PG (by clicking “details”) and assembled those homologous parts to construct the
“cDNA" of the PGs on chromosomes 11 and 4. Alignment of the three sequences with the HPRT1 mRNA reveals that the HPRT1T mRNA has some
unique regions. The forward and reverse primers (table 2) we designed are underlined.

doi:10.1371/journal.pone.0041659.g001

HPRT1 or Hprt primer design starting from discrimination also has other unique regions that may be used for primer design
against PGs as well (Fig. 1, bottom panel).

The result of Blat search shows that the HPRT1 mRNA, which Use of the Hprt mRNA sequence as a bait to fish in the mouse
is a 1405-bp sequence after its poly-A tail is deleted, spans over genome identified one putative PG that locates at. chromosome 17
40514 nt in the plus strand of the X chromosome (Fig. 1, top and is ho.mologous to the 240f1248th nt region of the .Hprt
panel). The 93723936-93732367th nt region of the minus strand ~ MRNA (Fig. 2, top panel). We displayed the sequence of this PG
of chromosome 11 has an 88.3% identity to the 193-1384th nt by clicking “details” during Blat search and assembled the parts
region of the HPRT1 mRNA. This putative PG spans 8432 ntand ~ that are homologous to the Hprt mRNA to construct the
is thus unprocessed, i.e. containing intron(s). Another putative PG “cDNA”. Alignment of this “cDNA” with the Hprt mRNA.ShOWS
at chromosome 5 has an 86.2% identity to the 269-1404th nt that the 1-240th nt, the 270-535th nt, and several other regions of

region of the HPRT1 mRNA. The third putative PG is at the Hprt mRNA are unique to the Hprt (Fig. 2, bottom panel). We

chromosome 4 and is homologous to the 213-1143rd nt region of designed a forward primer at the 56-75th nt and a reverse primer

the HPRT1 mRNA; it spans 1274 nt, longer than 930 bp (213—  at the 482-503rd nt regions (table 2).

1143rd), and thus may be unprocessed as well. There are three

other genomic fragments that are highly homologous to parts of ~ Design of ACTB, Actb and GAPDH primers that

the HPRT1 mRNA but are too small (spanning only 28, 35 and discriminate against PGs

42 nt, respectively) to be considered as PGs (Fig. 1, top panel). By a quick glance at the figure S2, one could immediately
During Blat search, we clicked the “details” of each PG shown realize that most PGs of the ACTB are similar in length to the

in figure 1 to display the whole sequence. For the unprocessed PGs ACTB mRNA and thus are intronless. The ACTB mRNA lacks a

on chromosomes 11 and 4, we assembled together the parts that unique region, making it difficult to design primers that would not

are homologous to the HPRT1 mRNA to construct the putative mis-prime the PGs. We thus pulled out the sequences of six best-

“cDNA”. Alignment of the HPRT1 mRNA with the original scored PGs (in the red box in Fig. S2) and aligned them with the

sequence or the assembled sequences of the three PGs revealed bait sequence. The results confirm that the ACTB mRNA does

that the 1-192nd nt and the 586-710th nt regions of the HPRT'1 not contain a unique part that is long enough for a primer (Fig. 3).

mRNA are lacking in the three PGs (Fig. 1, bottom panel). We The best regions we could find for forward and reverse primers

designed a forward primer at the 123-142nd nt and a reverse that might have some discrimination against the six PGs are the

primer at the 664-683rd nt regions (table 2). The HPRT1 mRNA 1452-1473rd nt and the 1678-1697th nt regions of the ACTB
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ACTIONS QUERY 3CORE START END QSIZE
browser details YourSedq 1341 1 1349 1349
browser details YourSeq 411 240 1248 1349
browser details YourSeq 27 1038 1076 1349
browser details YourSeq 27 1038 1076 1349
brouser details YourSeq 26 1116 1144 1349
browser details YourSedq 24 927 955 1349
browser details YourSeq 23 533 555 1349
browser details YourSeq 23 300 323 1349
browser details YourSeq 22 1315 1336 1349
browser details YourSeq 21 1135 1156 1349
browser details YourSeq 21 637 659 1349

IDENTITY CHRO STRAND START END SPAN
100.0% X + 50341255 50374837 33583
80.4% h iy = 65744610 65745542 933
96.6% 2 - 153869431 153869470 40
71.5% ik - 136850635 136850662 28
96.6% 1 = 64652646 64652677 32
88.5% 11 + 86572569 B6572596 28
100.0% 14 + 88056069 ©88056091 23
100.0% 1 + 41440957 41440987 31
100.0% 1 = 81156182 81156203 22
100.0% 1 + 1501758590 150175912 23
95.7% 1 + 49456524 49456546 23

Figure 2. Identification of Hprt PG for primer design. Top panel: Blat search using Hprt mRNA sequence as the bait pulls out only one
putative PG, besides the authentic Hprt genomic sequence that spans 33583 bp in the plus strand of the mouse X chromosome. This PG matches the
240-1248th nt of the Hprt mRNA and spans 933 nt on the mouse chromosome 17. Bottom panel: We pulled out the PG sequence and assembled
the parts that are homologous to the Hprt mRNA to construct a cDNA. Alignment of the assembled cDNA with the Hprt mRNA reveals that the Hprt
mRNA has several unique regions. The forward and reverse primers (table 2) we designed in some unique regions are underlined.

doi:10.1371/journal.pone.0041659.9g002

mRNA, respectively (Fig. 3 and table 2). However, since there are
a total of 64 putative PGs and only six of them were aligned, it
remains possible that these primers may match better some of the
other PGs than the six aligned.

Similar to its human counterpart, the mouse Actb mRNA does
not have any unique sequence either, relative to its PGs (Fig. S3).
We pulled out the sequences of six best-scored PGs (in the red box
in Fig. S3) and aligned them with the Actb mRNA. The results
confirm that the Actb mRINA has no unique part that is long
enough to be a primer (Fig. 4). Nevertheless, we selected the 1471
1489th nt and the 1852-1869th nt regions of the Actb mRINA as
forward and reverse primers, respectively (table 2), which might
better discriminate against the six PGs than the other parts of the
Actb mRNA, although it remains possible that these primers may
match better some of the other PGs than the six aligned.

By a quick glance at figure S4, one could immediately find that
the first 26 nt of the wild type GAPDH mRNA is a unique region.
We pulled out the sequences of seven best-scored PGs (in the red
box in Fig. S4) and aligned them with the GAPDH mRNA. The
results not only confirm the uniqueness of the 1-26th nt but also
show that the 685-705th nt region has the most mismatches to
most PGs, except the first X-linked PG that only has one nt
mismatched to the GAPDH (Fig. 5). We used these two regions as
the forward and reverse primers, respectively (table 2), in part
because this pair of primer will not amplify the variant 2 of
GAPDH (NM_001256799.1), transcriptional feature of which is

unknown.
Impossibility of designing Gapdh specific primers

A quick glance at figure S5 immediately leads us to the fact that
there are so many processed PGs of the mouse Gapdh which are
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100% or almost 100% identical to the Gapdh mRINA. Indeed,
alignment of the Gapdh mRNA with seven best-scored PGs (in the
red box in Fig. S5) showed several-nt mismatches only, making it
impossible to design any primer that can discriminate against the

PGs (Fig. 6).

Verification of the ACTB, GAPDH and HPRT1 primers

PCR results showed that the authentic ACTB band of 246 bp
(table 2) in agarose gel was amplified easily, as expected, in the
c¢DNA sample from a panel of human cell lines (Fig. 7A). Although
both forward and reverse primers locate at the same exon (exon 6)
and thus should also amplify the authentic gene, the same band
was detected only weakly (not stronger than nonspecific bands)
from the gDNA sample of the same cell lines (Fig. 7A). Thus, this
pair of primers meets our purpose to discriminate against gDNA,
both the authentic gene and the PGs, as discussed later. However,
an additional band that was about 100-bp larger (~350 bp) than
the 246-bp ACTB cDNA and another one of about 650 bp were
also amplified from the ¢cDNA (but not the gDNA) samples,
suggesting that our primers also mis-prime cDNA of two unknown
genes, expression of which, as expected, varied among different
cell lines, as manifested by different ratios to the 246-bp ACTB
band that serves as the internal reference in the same cell line
(Fig. 7A). This pair of primers also detected many nonspecific
bands from gDNA samples that differed in size from the 246-bp
band.

The authentic band of the wild type GAPDH (700-bp) was
detected only in the cDNA, but not the gDNA, samples, although
the primers also detected cDNA of two unknown genes at smaller
(~500 and 400 bp, respectively) sizes and detected several gDNA
fragments of different sizes (Fig. 7B). Our HPRT1 primers
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Table 2. Primer information.
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Primer Name Sequence Size Location Fragment Region
hACTB-F1452 5'-TTAATAGTCATTCCAAATATGA-3’ 22-mers exon 6 246 bp 1452-1473rd nt
hACTB-R1697 5'-GGGACAAAAAAGGGGGAAGG-3’ 20-mers exon 6 1678-1697th nt
hGAPDH-F6 5'-GAGCCCGCAGCCTCCCGCTT-3" 20-mers exon 1 700 bp 6-25th nt
hGAPDH-R705 5'-CCCGCGGCCATCACGCCACAG-3’ 21-mers exon 8 685-705th nt
mActb-F1471 5'-GACTTTGTACATTGTTTTG-3' 19-mers exon 6 382 bp 1471-1489th nt
mActb-R1870 5'-TGCACTTTTATTGGTCTCA-3' 19-mers exon 6 1870-1852nd nt
hHPRT1-F123 5'-CTTCCTCCTCCTGAGCAGTC-3’ 20-mers exon 1 561 bp 123-142nd nt
hHPRT1-R683 5'-AACACTTCGTGGGGTCCTTT-3’ 20-mers exon 7 664-683rd nt
mHprt1-F56 5'-GGGCTTACCTCACTGCTTTC-3’ 20-mers exon 1 448 bp 56-75th nt
mHprt1-R503 5'-TCTCCACCAATAACTTTTATGTCC-3' 24-mers exon 4 482-503rd nt

doi:10.1371/journal.pone.0041659.t002

amplified only the anticipated band (at 561-bp) from cDNA
samples, although the primers also amplified several bands of
different sizes from gDNA samples (Fig. 7C).

We had obtained similar results from cDNA and gDNA samples
of many other human cell lines and tissues by using the same
ACTB, GAPDH and HPRT1 primers (data not shown). Based on
our experience, the PCR conditions for these primers are
recommended as initial denature at 95°C for 5 min, followed by
each cycle of melting at 95°C for 30 sec, primer-annealing at 58°C
for 30 sec, and elongating at 72°C for 30 sec. To maintain the
reaction at the linear portion, the number of cycles should be
significantly decreased to less than 30 cycles, unless a very small
amount of cDNA template is used. The reaction should be
terminated at 72°C for 10 min.

Verification of the Actb and Hprt primers

Our Hprt primers (table 2) amplified only the anticipated band
from the cDNA sample, without mis-priming gDNA, from the M8
and ND5 mouse cell lines, thus confirming the specificity of the
primers (Fig. 7D and 7E). In contrast, our Actb primers (table 2)
produced not only the authentic Actb cDNA band of 382-bp (star
in Fig. 7D and 7E) but also several other bands that were less
abundant and differed between the cDNA samples from M8 and
ND5 cells, indicating that the primers also mis-prime cDNA of
other unknown genes expression of which differs between cell
lines. gDNA samples also produced a band that was similar in size
to the Actb cDNA but was very fuzzy, likely because it was a
mixture of different bands, including some that were actually
slightly smaller than the Actb ¢cDNA (arrow in Fig. 7D and 7E).
Likely, this or these fuzzy bands are derived also from some PGs,
besides the authentic Actb gene that should be amplified as both
primers locate at the same exon (exon 6). The Actb primers also
amplified other bands from gDNA samples that differed between
the two cell lines as well (Fig. 7D and 7E). We had also studied
many other mouse cell lines and tissues and obtained very similar
results (data not shown).

Discussion

Our bioinformatic analyses show that the ACTB (Actb) and
GAPDH (Gapdh) genes have 64-197 putative PGs (table 1) that
score over 200 and have over 80% identity to the corresponding
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Note: The “h” or “m” in front of each primer’'s name indicates the human or mouse origin. “F” or “R” indicates a forward or reverse primer. The number after “F”
indicates the position of the first nucleotide (nt) of that primer in the mRNA sequence, whereas the number after “R” indicates the position of the last nt of that primer
in the mRNA sequence. Thus, the “R” number minuses the “F”’ number and then pluses one is the size of the DNA fragment amplified by PCR.

parental mRNA, based on the UCSC Genome Browser [31].
There are some more genomic fragments scored lower than 200
and thus not accounted in as PGs, but they span over several
hundred nt, have over 83% identity to the authentic mRNA, and
may still be mis-primed. If] like its 1% that has been studied [20],
the human genome has 93% of its bases being transcribed, we may
have to accept the new concept that most of the genome is
transcribed at least in some cell types or at some times. Because
each of these PGs resides at a different chromosomal site from the
authentic gene, if any of them is expressed, it is controlled by
different transcription-regulatory elements and thus is actually a
different gene. Therefore, before the ACTB (Actb) or GAPDH
(Gapdh) can be used as a reference in RT-PCR, it needs to be
confirmed that none of their 64—197 putative PGs is transcribed in
the particular cell (tissue) or situation of interest. To determine
whether many processed PGs are expressed or not, the only
strategy we can think of is to clone the RT-PCR products from
each interested cell line or tissue into a vector, followed by
sequencing a large number of plasmid clones to ensure that none
of the clones has a PG sequence. If some PGs are found to be
expressed, how their transcription is regulated needs to be
determined, which needs to use another gene as the reference,
so as to determine whether they meet the criteria of a reference
gene, including refractoriness to the to-be-studied situation.
Without saying, it is practically impossible to perform such a
tedious and cumbersome sideshow to determine the expression
status of so many PGs and to determine their transcriptional
features, especially when a study involves multiple cell lines
(tissues) or multiple experimental situations. It is much simpler to
forgo these genes and elect someone else, such as the HPRT1 or
Hprt.

In eukaryotic genomes, 2.7-97.7% of the genes are intronless
[33], such as about 50% of the G protein coupled receptor genes
in the human [34], while many other genes have processed PGs.
RT-PCR amplification of the RNA transcripts from these two
classes of genes requires a perfect DNase digestion to remove not
only genomic DNA residuals but also mitochondrial DNA from
the RNA sample, since some chromosomal genes are highly
homologous to their ancestors in mitochondria [35,36]. According
to our experience, complete DNase digestion that leaves no
traceable DNA residual in the RNA sample is actually not so easy,
because PCR is supersensitive. PG may cause artifact without
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hActin ACCGCCGAGACCGCGTCCGCCCCGCGAGCACAGAGCCTCG-CCTTTGCCGATCCGCCGCCCGTCCACACCCGCCGCCAGCTCACCATGGATGATGATATCGCCGCGCTCETCETCG---ACAACGGCTCCGGCATGTGCARGGCCGGCTTCGCGGGCGAC 160

Chrs ACCGCCGAGACTGCATCCGCCTTGCGAGCACAGAGCCTCG-CCTTCGCTGCTCCACTGCCAGTCCACACCTGCCACCAGCTCACCATGGATGATGATATCACCGCGCTCGTCATTG--~ACAACGGCTCCGGCATGTGCARGGCCAGCTTCACGGGCGAC
Chr2+  —=e=—=e—- ——: = — et oo AGCTCACCATGGATGATGATACCGCCGTGCTCGTCATTG-~~-ACAACGGCTCTGGCATGTGCARGGCCGGCTTTGCGGGCGAC
Chr2- —=-=AGCTCACCATGGATGATGATACCGCCGTGCTCETCAT TG --ACAACGGCTCTGGCATGTGCAAGGCCEGCTTTGCGGGCGAC
Chrl TCCACACCCGCCGCCAGCTCACCATGGATGATGATATCGCGGCGCTCGTCATTG - -~ ACAACAGCTCCGGCATGTGCARGGCTGGCTTCACAGGGGAT

Chrl8  ACCGCGGAGACCGCATCTGCCCGGCGAGCACAGAGCCTTGTCCCTTGCCACTCCGCCGCCCATCCACACCTGCTGCCAGCTCACCATGGATGATGATACTGTCGCCCTCGTCATCG-~~ACAATGGCTCTGGCATGTGCAGGGCTGGCTTCGCAGGCGAC
Chré ACCGCGGAGACCGCGTCAGCCCAGCGAGCACAGAACCTTG-TCCTTGCCGCTGCGCCTTGCGTCCGCACCCGCCGCCAGCTCACCATGGATGATGCTATCACCGCGCTCGTCGTCGTCGACAACTGCTCCAGCATGCGCARAGGLT === === === ==

hActin GATGCCCCCCGGGCCGTCTTCCCCTCCATCGTGGEGCGCCCCAGGCACCAGGGCGTGATGGTGGGCATGGGTCAGAAGGAT TCCTATGTGGGCGACGAGG-CCCAGAGCARGAGAGGCATCCTCACCCTGAAGTACCCCATCGAGCACGGCATCGTCACE 320
Chr5 AATGCCGCCCGGGCAGTCTTCCCCTCCATCGT TGGGCACCCCAGGCACCAGGGLGTGATGGTGGGCATGGGTCAGAAGGATTCCTATGTGGGCGACGAGG-CCCAGAGCAAGAGAGGCATCCTCACCCTGAAGTACCCCATTGAGCACGGCATTGTCACT
Chr2+ GATGCCCCCCGGGCTGTCTTCCCTTCCATCGTGGGGCGCCCCAGGCAGCAGGGCATGATGGGGGGCATGCATCAGARAGAGTCCTATGT! CARGGA CCAGAGCAAGAGAGGCATCCTGACCCTGAAGTACCCCATGGAACACGGCATCATCACC
Chr2- GATGCCCCCCGGGCTGTCTTCCCTTCCATCGTGGGGCGCCCCAGGCAGCAGGGCATGAT! ATGCATCAGAAAGAGTCCTATGTGGGCARGGAGG~CCCAGAGCARGAGAGGCATCCTGACCCTGAAGTACCCCATCAAGCATGGCARCGTCACG
Chrl GATGACCCCTGGGCCATCTTCCCTTCCATGGTGEGGCECCCCAGGCACCAGGGCGTGATGGTGAGCATGGGTCAGAAGGATTCCTATGTGGGTGACGAGG-CCCAGAGCAAGAGAGGCATCCTGACCCTGAAGTACCCCATCGAGCACGGCATCGTCACC
Chrlg AGTGCTCTCCAGGCCGTCTTCCTCTCCATCATGGGGCACCCCAGGCACCAGEGTGTCATGGTGGGCATGGGTCAGAAGGACTCCTACGTGGGCGACAAGGGCCCAGAGCARGAGAGGCATTCTGACCCTGAAGTACCGCATCGAGCATGGCATCGTCACT
Chrg  ====== CCCCAGGCCGTCTTCCCCTCCATTGT CACCCTAGGCACCAGGGAGTGATGGTGGGCATGGGTCAGAAGGACTCCTATGTGGGCAA CCAGAGCAAGA ATCCTGACTCTGAAGTACCCCATCAAGCATGGCAACGTCACG

hActin AACTGGGACGACATGGAGAAAATCTGGCACCACACCTTCTACAATGAGCTGCGTGTGGCTCCCGAGGAGCACCCCGTGCTGCTGACCGAGGCCCCCCTGAACCCCAAGGCCAACCGCGAGAAGATGACCCAG-~~ATCATGTTTGAGACCTTCAACACCC 480
Chrs AACTGGGACGACATGGAGAAGATCTGGCACCACACCTTCTACAATGAGCTGCGLGTGGCTCCCGAGGAGCAACCCATGCTGCTGTTTGAGGCCCCCCTGAACCCCAGGGCCAACTGCAAGAAGATGACCCAG-—-ATCATATTTGAGACCTTCAACACCC
Chr2+ AACTGGGATGACATGGAGAAGATCTGGCACCACACCTTCTACAACGAGCTGCGTGTGGCTCCCGAGGAGCACCCCATCCTGCTGACCGAGGCCCCCCTGAACCCCAAGGCCAACCGCGAGAAGATGACCCAG-=~ATCATGTTTGAGACCTTCAACACCC
Chr2- AACTGGGATGACATGGAGAAGATC TGGCACCACACCTTCTACAACGAGCTGCGTGTGGCCCCTGAGGAGCACCCCATCCTGCTGACCGAGGCCCCCCTGAACCCCAAGGCCAACCGCGAGAAGATGACCCAG--~ATCATGTTTGAGACCTTCAACACCC
Chrl AACTGGGACGACATGGAGAAGATCTGGCACCACATCTTCCACAATGAGCTGCGTGTGGCTCCCAAGCAGCACCCCGTGCTGCTGACCAAGGCCCCC-TGARCCCCAAGGCCARCCGTGAGAAGATGACCCAC---ATCATGTTTGAGACCTTTAACACGG
Chrl AAC AT TTTGGCTCCACACCTTCTACAGTGAGCTGCATGTGGCTCCTGAGGAGCACCCCCTGCTGCTGACCGAGGCCTCTCTGAACCCCAAGGCCAACCACGAGAAGGTARACCAG--~ATCATGTTTGAGACCTTCAACACCC
Chré MCTGGGACAACRTGGAGAAEATCTGGCACCACQCC'1‘———ACMCGP«GGTGCGTGTG?\CTGCTGAGGAGCACCCCGTGCTGCTG,‘\CTGAGGCCCCCCTBAACCCCAAGCTCMCCA‘I‘GAGMGACGACCCJ\GTTCATCATGTTTBAGI\CCTTCAAEACCC

hActin CAGCCATGTACGTTGCTATCCAGGCTGTGCTATCCCTGTACGCCTCTGGCCGTACCACTGGCATCGTGATGGACTCCGGTGACGGGGTCACCCACACTGTGCCCATCTACGAGGGG-TATGCCCTCCCCCATGCCATCCTGCGTCTGGACCTGGCTGGCC 640

Chrs CAGCCATGTACTTGGCCATCCAGACTATGCTGTCCCTGTACGCCTCTGGCCGTACCACTGGCATCGTGTTGGACTCCAGTGATGGGGTCACCCACACTGTGCCCATCTACGAGGGG-TATGCCCTCCCCAACGCCATCCTGCTTCTGGACCTGGCTGGCC
Chr2+  CAGCCATGTACGTGGCCATCCAGGCCGTGCCGTCCCTGTACACCTCTGGCCGTACTACTGGCATCGTGATGGACTCTGGTGACGGGGTCACCCACACTGTECCCATCTATGAGGGG-AATGCCCTCCCCCATGCCACCCTGCGCLTAGACCTGGCTGEGE
Chr2- CAGCCATGTACGTGGCCATCCAGGCCATGCTGTCCCTGTACACCTCTGGCCGTACTACTGGCATCGTGATGGACTCTGGTGACGGGGTCACCCACACTGTGCCCATCTATGATGGG-AATGCCCTCCCCCATGCCACCCTGCGCCTAGACCTGGCTGGGE

Chrl CAGCCATGTACGTGGCCATCCAGGCTCTGCTGTCCCTGTACGCCTCTGGCCGTACCACTGGCATCATGATGGACTCTGGTGACGAGGTCACCCACACTGTGCCCTTCTACGGGGGG-TATGCCCTCCCCCACGCCATCCTGTGTCTGGACCTGGCTGGCC
Chrlg CAGCCATGTATGTGGCCATCCAGGCCTTGCTGTCCC TGTAAGCCTCTGGCCATACCACTGGCATCGTGATGGACTCTGGTGATGGGCTCACCCACACTGTGCCCATCTACGGGGGGGTATGCCCTCCCCCACACCATCCTGCATCTGGACCTGGLTGGCT
Chré CAGCCATGGATGTGGCCATCCAGGCCGTGCTGTCCCTGTATGCCTCTGGAGGTACCACTGGCATCGTGATGCACCCCGGTGACAGGGTCACCCACACTCTGTCCATCTAGGAGGGG-TACGCCCTCCCC-ACGCCATCCTGCGTCTGGACCTGGCTEGCG

hActin GGGACCTGACTGACTACCTCATGAAGATCCTCACCGAGCGCGGCTACAGCTTCACCACCACGGCCGAGCGGGAAATCGTGCGTGACATTAAGGAGAAGCTGTGCTACGTCGCCCTGGACTTCGAGCAAGAGATGGCCACGGCTGCTTCCAGCTCCTCCCT B0O
ChrSs GGGACCTGACT=~~~RCCTCATGAAGATCCTCACCGAGCGCCGCTACAGCTTCATCACCACG-CGGAGCGGGARATCATGCGTAACATCAAGGAGAAGCTGTGCTACCTCGTCCTGGACTTCGAGCAGGAGATGGCTACCGCGGCTTCCAGCTCCTCCCT
Chr2+ GGGARCTGCCTGACTACCTCATGAARGATCCTCACCGAGCGTGGCTATAGGTTCACCACCATGGCCGAGCGGGARATCGTGCGTGACATCARAGRGAAGC TGTGCTATGTTGCCCTGGACTTCGAGCAGGAGATGGCCACGGCGGCCTCCAGCTCCTCCCT
Chr2- GGGAACTGACTGACTACCTCATGAAGATCCTCACCGAGCGTGGCTATAGGTTCACCACCATGGCCGAGCGGGAAATCGTGCGTGACATCAAAGAGAAGCTGTGCTATGTTGCCCTGGACT TCGAGCAGGAGATGGCCATGGCGGCCTCCAGCTCCTCCCT
Chrl GGGACCTAACTGACTACCTCATGAAGATCCTCACGGAGCGCGGCTACAGCTTCACCACTACGGCTGAGCAGGAAATCGTGCATGACATCAAGGAGRAGCCGTGTTACATCGCCCTGGACTTCGAGCA GATGGCCACGGGGGCCTCCAGCTCCTCCCT
Chrilg CAGACCTGACTGACCACCTCATGAAGATCCTCACCGAGCGCGGCTACAGCTTCACCACCACGGCCAAGCGGGARATCGTGCATGACATCGAGGAGAAGCTGTGCTATGTTGCCCTGGACTTTGAGCAGGAGATGGCCATGGTGGCCTCCAACCCCCTGET
Chré GGGACCTGACTAACTACCTCAAGAAGACCCTCACCCAGCACAGCTACAGCTTCACCACCACG-CTGAGCAGGAAATCATGTGTGACATCAAGGAGAAGCTGTGCTACGTCGCCCTGGAATTCGAGCAGGAGATGECCTCGGCGGLCTCCAGCTCCTCCCT

hActin GGAGARGAGCTACGAGCTGCCTGACGGCCAGGTCATCACCATTGECAATGAGCGGTTCCGCTGCCCTGAGGCACTCTTCCAGCCTTCCTTCCTGGGCATGEAGTCCTGTGECATCCACGAAACTACCTTCAACTCCATCATGARGTGTGACGTGGACATC 960
Chrs GGAGARGAGCTACCAGCTGCCCAACAGCCAGGTCATCACCATTGGCAARCGAGTGGTTCTGCTGCCCCGAGGCGCTCTTCCAGCCTTCCTTCCTGGGCATGGAGTCCTGTGGCATCCACGAAACTACCTTCAACTCCATCATGAAGTGTGACTTGGACATC
Chr2+ AGAGAAGAGCTACGAGCTGCCCGATGGCCAGGTCATCACCATCGGCAACGAGCGGTTCCGCTGCCCCGAGGCGCTCTTCCAGCCTTGCTTCCTGGGCATGGARTCCTGTGGCATCCATGAAACTACCTTCAACTCCATCATGAAGTCTGATGTGGACATC
Chr2- AGAGRAGAGCTACGAGCTGCCCGATGGCCAGGTCATCACCATCGGCAACGAGTGGTTCCGCTGCCCCGAGGCGCTCTTCCAGCCTTGCTTCCTGGGCATGGAATCCTGTGGCATCCATGAAACTACCTTCAACTCCATCATGAAGTCTGATGTGGACATC
Chrl GGAGARGAGCTACARGCTGCCTGATAGCCAGGTCATCATCA- ~--ARGCAGTTCTGCTGCTCTGAGGCACTCTTCCAGCCTTCCTTCCTGGGCATGTAATCATGTGGCATCCATGAAACTACCT TCAACTCCATCACGAAGTGTGACGTGGACATC
Chrl8 GGAGAAGAGCTAGGAGCTGCCAGGTGGCCAAGTCATCTGCA =ATGAGCAGTTCCGCTGCCCTGAGGCACTCTTTCAGCCTTCCTTCCTGGGCATGGAATCCTGTGGCATCCATGAAACTACCTTCAACTCCATCATGAAGTGTGACATGGACATC
Chré GGAGAAGAGCTATGAGCTGCCAGATGACCAGGTCATCACCATCGACARTGAGCGGTTCCGCTGCCCCGAGGCACTCTTCCAGCCTTCCTTTCTGGGCATGGAATCCTGTGGCATCCATGACACTACCTTCAACTCCATTATGAAGTGTGACGTGGACAAC

hActin CGCAARGACCTGTACGCCAACACAGTGCTGTCTGGCGGCACCACCATGTACCCTGGC-——-ATTGCCGACAGGATGCAGAAGGAGATCACTGCCCTGGCACCCAGCACAATGAAGATCAAGATCATTGCTCCTCCTGAGCGCAAGTACTCCGTGTGGATC 1120
Chr5 CGCARAGACCTGTACACCAGCACAGTGCTGTCTGGTGGCACCACTATGTACCCTGGE - -ATTGCTGACAGGATGCAGAAGGAGATTACCGCCCTGGCGCCCAGCAGGACGARGATCAAGATCATTGCTCCTCCTGAGCGCAAGTACTCTGTGTGGATT
Chr2+  CGCAARGACCTGTACACCAACACAGTGCTGTCTGGCGGCACCACCATGTACCCTGGC-——-ATGGCCCACAGAATGCAGAAGGAGATCGCTGCCCTGECGCCTAGCATGATGAAGATCAGGATCATTGCTCCTCCCAAGCGCAAGTACTCCGTGTGGGTC
Chr2- CGCARAGACCTGTACACCAACACAGTGCTGTCTGGCGGCACCACCATGTACCCTGGC - -ATGGCCCACAGAATGCAGAAGGAGATCGCTGCCCTGGCGCCTAGCATGT TGAAGATCAGGATCATTGCTCCTCCCAAGCGCAAGTACTCCGTGTGGGTC
Chrl TGCARRGACCTGTACTCCAACACAGTGCTGTCTGGCAGCACCACCGTGTACTCTGGCCTGCATAGCGGACAGGATGCAGAAGGAGATCACCGCCCTGGCCCCCAGCACGATGARGATCAAGATCATTGCTCCTCCCGAGCGCAAGTACTCCGTGTGGATC
Chrl8 TGCARAGACCGGTACGTCAACAGAGTGCTGTCTGGCGGCACCACCGTGTACCCTGGS -ATCGCCGACAGGATGCA---GGAGATCACCGGCCTGGCTCCAAGCACGATGAAGATCAAGATCATTGCTCCTTCTGAGCGCAARTACTCCATGTGGATT
Chré CACAAAGACCTGTACGCCAACACAGTGCTGTCTGGCGGCACCAACATGTACCCTGGE - -ATCACAGACAGGATGCAGA. AGATCACCACCCTGGCGCCCAGCACGATGAAGATCAAGATCATTGCTCCTCCCCAGTGCAAGCACTCCGTGTGGATT

hActin GGCGGCTCCATCCTGGCCTCGCTGTCCACCTTCCAGCAGATGTGGATCAGCAAGCAGGAG---TATGACGAGTCCGGCCCCTCCATCGTCCACCGCAAATGCTTCTAGGCGGACTATGACTTAGTTGCGTTACACCCTTTCTTGACAARACCTAACTTGE 1280
Chr5s GGAGGCTCCATCCTGGCCTCGCTGTCCACCTTCCAGCAGATGTGGATCAGCAAGCAGGAG-~-TATGAGGAGTCTGGCCC-TCCATCGTTCACCGCAAATGCTTCTAGGCGGACTGTGACTTAGTTGTGTTACACCTTTTCTTGACAAARCCTAACTTGT
Chr2+ GGTGGCTCCATCCTGGCCTCGCTGTCCACCTTCCAGCAGATGTGGATCAGCAAGCAGGAG---TATGATGAGTCAGGCCCCTCCATTGTCCACCGCAAATGCTTCTAGGTGGACTCTGACTTAGT TGCGTTACACCCTTTCTTGACAAAACCAAACTTCT
Chrz-  GGTGGCTCCATCCTGGCCTCGCTGTCCACCTTCCAGCAGATGTGGATCAGCAAGCAGGAG-——TATGATGAGTCAGGCCCCTCCATTGTCCACCGCAAATGCTTCTAGGTGGACTCTGACT TAGTTGCGTTACACCCTTTCTTGACAARRCCAAACTTCT
Chrl GGCACCTCTATCCTGGCCTCTCTGTCCACCTTCCAGCAGATATGGATCAGCAAGCAGGAGGAGTATGACAAGTCTGGCCCCTCCACTGTCCACTGCGAATGCTTCTAGGCGGACTGTGACTTAGTTACATTACACCCTTTCTTGTCARRACCTAACTTGA
Chrilg GGCAGCTCCATCCTGGCCTCGCTGTCTACCTCCCAGCAGATATGGATCAGCAAGCAGGAG---TATGACGAGTCCAGCCCCTCCATCGTCCACCACAMATGCTTCTAGGCGGACTGTTACTTAGTTGCGTTACACCCTCTCTTGACARARCCTARCCTGA
Chré GGCTACTCCATCCTGGCCTCCACGTCCACCTTCCAGCAGATGTGGATCAGCAAGCAGGAG---TAGGACGAGTCCGGCCCCTCCATCGTCCACCACAAATGCT TCTAGGCTGACTGTGACTTAGT TGCATTACACCCTTTCTTGACAAAACCTAACTTGE

hActin GCAGARAACAAGATGAGATTGGCATGGCTTTATTTGTITTTTTTGTTTIGTTTTGGTTI TTT-——-TTTTTTTTTTGGCTTGACTCAGGATT TARRAAACTGGARCGGTGAAGGTGACAGCAGTCGGTTGGAGCGAGCATCCCCCAAAGTTC-ACAATGTG 1440

Chrs GCAGGAAACAAGATARGATTGGCATGGCTTTATTTGTTTTTTT-GTTTTGTTTTGTTTTTTT-~~~GGTTTTTTTTGGCTTGACTCAGGATT TARRAACTGGARCAGTGAAGGTGACAGCAGTCGGTTGGAGCGAGCATCCCCCARAGTTCTACAGTGTG
Chr2+ =CAGARAACAACATGAGATTGGCATGGCTTTATTTGTTTTCTT-GTTTCATTTT-TTGT TTT====GTTTTTTATTGGCTTGACTCAGGATTTARAAACCGGAATGGTGAAGGTGACAGCAGTCGGTTGGAGGAAGCTTCCTCCAAAGTTCTACAATGTT
Chr2- ~CAGARAACARCATGAGATTGGCATGGCTTTATTTGT TTTCTT-GTTTCATTTT-TTGTTTT =GTTTTTTATTGGCTTGACTCAGGATTTARAAACCGGAATGGTGAAGGTGACAGCAGTCGGTTGGAGGAAGCTTCCTCCAAAGTTCTACAATGTG
Chrl GCAGAAMACAATATGAGATTCGCATGGCTTTATTTGTTTT =TGTTTT----TTTTTTTTTTGGCTTGACTCAGGATT TARAAACTGGAATGGTGAAGGTGACAGCAGTCTGTTGGAGCGAGCATCCCCCAGAGTTCTACAATGTG

Chrlg GCAGAAAACAAGATGAGATTGGCATGGCTTTATTTGCTTTTTT - GTTTTTTATGGTTTTTTTTTTGGCTTGACTCAGGATTTARAAACTGGARCGGTGAAGGTGACAGCAGT TGGATGGAGCAAGCATCCCCCGAAGTTCTACAATGTG
Chré ACAGARAAACACGATGAGATTGGCATGGCTTTATTTGTTTTTGT - =~ ~==~~ TTTTGTTTGTT-~-~-TGTTTGTTTTGGCTTGACTCAGGATT TAARAACTGGARCGGTGAAGGTGACAGCAGTTGGTTGGAGCGAGCATCCCCCARAGTTCTGCAATGTG
Forward prlmer (14 52-1473rd nt)
hActin GCCGAGGACTTTGATTGCACATTGTTGTTTTTIT- TAT-—-GAGATGCGTTGTTACAGGAAGTCCCTTGCCATCCTARAAGCCACCCCACTTCTCTCTAAGGAGAATGGCCCAGTCCTCTCCCAAGTCCACACAGGGGAGGT 1600
Chr5 GCCGAGGACTTTGATTGTACATTGTTCTTTTTTTT- -MTAGTCRTTCCAMTATCATGGGATGCATTGTTAC.'\GGMGTCCCTTGCCRTCCTA}\MGCCRCCCCACTTCTGTCTMGGAGMTGGCCCAGTCGTCTACCGAGTCC)\CACAGGGGAGGT
Chr2+ GCCARGGACTTTGATTGTACATTGTTCTTCTTTTC~~~ARTAGTCATTCCAAATATTGTGAGACGCATTGTTTCAGGAAGCCCCTTGCCCTGCTARARAGCCATCCCACTTCTCTE! TGGCCCAGTCCTCTCCCTAGTTCACAC. T
Chr2- GCCAAGGACTTTGATTGTACATTGTTCTTCTTTTC - - -AATAGTCATTCCAAATATTGTGAGACGCATTGTTTCAGGAAGCCCCTTGCCCTGCTARAAGCCACCCCACTTCTCTCTANGGAGAATGGCCCAGTCCTCTCCCTAGT TCACACAGGGGAGGT
Chrl GCCGRGGACATTGATTGTACGTTGTTCTTTTT T TARRRAATAGTCATTCCARATATCATGAGATGCATTGTTACAGGARGTTCCTTGCCCTCCTARAAGCCGCCCCACTTCTCTCTARGGAGRATGGCCCAGTCCTCTCCCACATCCACACAGAGGAGET
Chr18 GCCGAG-ACTTTGATTGTACATTGTTCTTTTTTTTTT-AARTAATCATTCCAAATATTGTGAGATGCATTGTTACAGGAAGTCCCTTGCCCTCCTARAAGCCACCCCGCTTCTCTTTAAGGAGAATGGCCCAGTCCCCTCCCGAGTCTACACA--GGAGGT
Chré GCCGAGAACTTTGATTGTACATTGTTCTTTTTTT-~~~AATGGTCATTCCAAATATCGTGAGATGCATTGTTACAGGAAGTCCCTTGCC~TCCTAAAAGCCACCCCACTTCTCTCTAAGGAGAATGGCCCAGTCCTCTCCCGAGTCCACACACGGGAGGT
Reverse prlmer ( 167 8-1697th nt})
hActin GATAGCATTGCTTTCGTGTAAATTATGTAATGCAAAATTTTTTTAATCTTCGCCTTAATACTTTTTTATTTTGTTTTATTTTGAATGATGAGCCTTCGTGCCCCCCOT o] CCARCTTGAGATGTATGAAGGCTTTTGGTCTCCCT 1760

Chr5 GRTAGCATTGCTTTCGTGTMTTATGGMTGCMTTTTTTTMTCTTCGCCTTMTACTTTCTTRTTTT-TTTTATTTTGMTGATGRGCCTTCGTGL\.\.\.\.L.L.--“LL\.L.J TTTTTGTCCCCCAGCTTGAGATGTATGAAGGCTTTTGGTGTCCCT
Chr2+ GATAGCATTGCTTTTGTGCAAATTACATAATGCARAATTTTTTGAATCTTCGCCTTAATACT TTTTAATTTTGTTTTATTTTGAATGATCAGCCTTCGTGGCCOCCC: TCTTTTGTACCCCAACTTGGGGTGTATGARGGCTTTTGGTCTCCCT
Chr2- GATAGCATTGCTTTTGTGCAGATTACATAATGCARAATTTTTTGAATCTTCGCCTTAATACTTTTTAATTTTGTTTTAT TTTGAATGATCAGCCTTCGTGGCCCCCC-—————=! TCTTTTGTACCCCAACTTGGGGTGTATGAAGGCTTTTGGTCTCCCT
Chrl GATAGCATTGCTCTCATGTAAATTATGTAATGCCAATTTTTARAAATCTTCACCT TAACACT TTT TTATTTTGTTTTATTTTGRATGATCAGACTTTGTGGCCCCC: TTTTTTGTCCCTCARCTTGAGATGTATGAAGGCTTTCGGTCTCCCT

Chrils GATAGCATTGCT-TCATGTAAATTATGTAATGCARARCTTTTTTAATTTTCGCCTTAATACTTTTTAATTTTGCTTCATTTTGAATGATCAGCCTTCGTGGTGCCCC:
Chré AATAGCATTGCTTTTGGGTAAAT TATATAATGCAARRRTCTTTTAATCTTTGCCTTAATACTTTTTTATTTT-TTTAATTTTGAATGATCAGCCTTTGTGACTCCCC -

hActin GGGAGTGGGTGEAGGCAGCCAGGGCTTACCTGTACACTGACTTGAGACCAGTTGAATARRRGTGCACACCTT 1804
Chrs GGGAGTGGGTGAAGGCAGCCAGGGCTTACCTGTGCACTGACT TGAGACCAGTTGAATAARRGTGCACAC-~~
Chr2+ GAGAGTGGCTGGAGGCAGCCAGGGCTTACCTGTACTCTGACT TGAGGAGAGTTGGATARRRGTGCACACCTT
Chra- GAGAGTGGCTGGAGGCAGCCAGGGCTTACCTGTACTCTGACTTGAGGAGAGTTGGATAARARGTGCACACCTT

Chrl GGGAGTGGETGGAGGCAGCCAGGGCTTACCTGTACACTGACT TGAGACCAGT TGAATAAAAGTGCGCACCTT
Chrlg AGGAGTGGGTAGAGGCAGCCAGGGTTTACCTGTACACTGACTTGAGACCAGCTGAATARRAGTGCACACCTT

Chré CGGAGTGGGTGGAGGCAGCCAGGGCTTAACTGTACACTAA CTTGAGACCAGTTGAATAARAGTGCA- -~~~

TTTTTTGTCCCCCARCTTGAGATGTATGAAGGCTTTTGGTCTCCCT
=TTTTTTGTCACCCARCTTGAGATGTATGAAGGCTTTTCATCTCCCT

Figure 3. Alignment of the ACTB mRNA with six PGs that are the most homologous to the ACTB mRNA shows that the ACTB mRNA
(after deletion of the poly-A tail) has no unique region that is long enough to be a primer. The 1452-1473rd nt and the 1678-1697th nt
regions of the ACTB mRNA (underlined) encompass the most mismatches compared with other regions, and thus are selected as the forward and
reverse primers, respectively.

doi:10.1371/journal.pone.0041659.g003

being transcribed, which can be exemplified by the Gapdh: any gDNA s either too lengthy to be amplified by PCR or is amplified
DNA residual that survives the DNase treatment would, theoret- as a fragment larger than the cDNA. Some published studies
ically, amplify 198 times of the template (1 parental gene plus 197 omitted DNase digestion of RNA samples in part because the
PGs), which is then increased exponentially in PCR, although primers were designed in this way, but it may not be ideal since the

usually gDNA is more difficult to be amplified as discussed later. primers cannot distinguish the cDNA from intronless genes and
This is another reason for forgoing those genes with many processed PGs because their sizes are identical or similar to that of
processed PGs as a reference, even if the PGs are not transcribed the cDNA.

or specific primers can be designed, such as the GAPDH. We With the above explained, we propose a standard operation
usually assign forward and reverse primers to two different exons procedure (SOP) for discussion in which design of primers for RT-
with one or more introns in between, because in this way the PCR start from exclusion of mis-priming PGs, since so many genes
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Forgoing Beta-Actin and GAPDH in RT-PCR

mActin CTGTCGAGTC-GCGTCCACCCGCGAGCACAGCTTCTTTGCAGCTCCTTCGTTGCCGGTCCACACCCGCCACCAGTTCGCCATGGATGACGATATCGCTGCGCTGGTCG— TCGACAACGGCTCCGGCATGTGCAAAGCCGGCTTCGCGGGCGACGA 160
Chrl§ —---- GAGTCAGCGTCTACCCGAGAGCACAGCCTTCTTGCAGCTCCTCCGT TGCCGETCCACACCC -~ ~CCAGTTCGCCATGGATGACGATGCCGCTGCGCTCGTTG TTCGCAGGCGACAA
ChrXl- ---TCGAGTTCGCGTCCACACGCGAGCACAGCCTCTTTGCAGCTCCTCCGTCGCTGGTCCATACCCACCACCAGTTCTCCATGGATGACARTATAACTGTGC TCCTTGCCATCATCARCAATGGCTCCAGCATGTGCARAGCCGGCTTCGCAGGTGACAR
ChrXl+ =---TCGAGTTCGCGTCCACACGCGAGCACAGCCTCTTTGCAGCTCCTCCGTCGCTGGTCCATACCCACCACCAGTTCTCCATGGATGACARTATAACTGTGC TCCTTGCCATCATCARCAATGGCTCCAGCATGTGCARAGCCGGCTTCGCAGGTGACAR
Chr17 - e -—--
Chrxz- ATGGP.TGACMTATATCGCTGCGCTCCTCCTC——TCGACAACTGCTCCTGCF\TGTGCMAGGCAGCCTCGCGGCC———GA
Chrx2+ GCATGTGCAAAGCTGGCTTTGTGAGCARTGA
mActin TGCTCCCC----- GGGCTGTATTCCCCTCCATCETGEGCCGCCCTAGGCACCAGGGTGTGATGGTGGGARTGGGTCAGAAGGACTCCTATGTGGGTGACGAGGCCCAGAGCARGAGAGGTATCCTGACCCTGRAGTACCCCAT -~ ~TGAR-~~CATGGCA 320
Chrlé  TGCTCCCCTCCCCGGGCCGTCTTCCCCTCCATCGTGEECTGCCCTAGGCACCAGGGTGTGATGETGGGTATGGGTC TCCTGCATGGGCGACGAGGCCCAGAGCARGA ATCCTGACCCTGAAGTACCCCAT---TGAC-
ChrXl- -ATCTTCCCCTCCATCETGEGECACCCTAGGCACTAGAGAGTGATGGTEGETGTGEGTCAGATGGACTCCTACATGG-CGACGAGGCCCAGAGCAAGAGAGGCATCCCGACCE TGAAGTACCCCAT
ChrXl+ ~ATCTTCCCCTCCATCETGGECCACCCTAGGCACTAGAGAGTGATGGTGGETGTGGGTCAGATGGACTCCTACATGG-CGACGAGGCCCAGAGCARGAGAGGCATCCCGACCCTGAAGTACCCCAT -
Chrl? -TTCCCCTCCATCGTGGGCCTCCCTAGGCACCAGGGTATGATCETGGGTATGGGTCAGAGGGACTCTTATGTGGGCGACGAGGCCCAAAGCAAGAGAGGCTTCCTGACCCTGARGTACCCCAT-
Chrxz- GGGCCGTCATCCCCTCCATCETGGGCTGCCCTGGGCACTAGGATGTGATGGTGGGTATGGGTCAGAAGGACTCCTACGTGGGCGATGAGGCCCAGAGCARGAGAGGTATCCCGACCCTGRAGTACCCCAT -~ ~TGAR-
Chrxz+ GGGTCATCTTTCCCTCCATCTTGGGCTGTCCTAAGCCCCAGGGCATGATGGTGGGTATGGATCAGAAGGACTCCTACATGGACAACGGTGTTCAACGCARGAGAGGCATCCTGACTC TARAATACCCCATACATARARTACACAGCA
mActin TTGTTACCAACTGGGACGACATGGAGAAGATCTGGCACCACACCTTCTACAATGAGCTGCGTGTEECCCCTGAGGAGCACCCTGTGCTGCTCACCGAGGCCCCCCTGAACCCTARGGCCAACCGTGARARGATGACCCAGATCATGTTTGAGACCTTCAA 480
Chrl6  TTGTCACCARCTGGAACGACATGGAGAAGATCTGGCACCACACCTTCTACAGTGAGCTGCETGETGECC-———— === TGTGCTGCTCACCAAGGCCCCT TARGGCCAACAGTGAAAAGATGACCCAGATCATGTTTGAGACC———AA
ChrXl- TTGTCACCACCTGGGACGATATGGAGAAGATCTGGCACCACACTTTCTACAATGAGCTGCGTGGGGCTCCTGAGGAGCACCCTGTGCTGCTCACCGAGGCCCCCCTGAACCCTAAGGCCAACCGTGAAAAGATGACCCTGATCATGTTTGAGACCTTCAA
ChrXl+ TTGICACCACCTGGGACGATATGGAGAAGATCTGGCACCACACTTTCTACARTGAGCTGCGTGEGECTCCTGAGGAGCACCCTGTGCTGCTCACCGAGGCCCCCCTGAACCCTARGGCCAACCGTGARRRGATGACCCTGATCATGTTTGAGACCTTCAR
Chrl7  TTGTCACCAACTGGGACAATATAARGAAGGTCTGGCACCATACCTTTTACAATGAGCTGCGTGTGECCCCTGAGGAGTACCCTGTACTGCTCACTGARGECCCCCTGAACCCTAAGGCCAACCGTGARAAGATGACCCAGATCATGTTTGAGACCTTCAR
ChrX2- CTGICACCAACTGGGACGATATGGAGAAGATCTGGCACCACACCTTCTACAATGARCTGTGTGTGECCCCTGGGGAGCACCCTGTGCTGCTCACCAAGGCT--CCTGAACCCTTGGACCARCCGT! ACCTTTAA
ChrX2+ TTGCCACCAACTGGAARAATATGGAGAAGATCTGGCACCGCARCTTTTACAA---GCTGCATGTGGECATCTGAGGTGTACCCTGTGCTGCTCACCAAGTCCTCCCTGAACCTTATGGCCARCCAT! AGRACTTTAA
mActin CACCCCAGCCATGTACGTAGCCATCCAGGCTGTGCTGTCCCTGTATGCCTCTGGTCGTACCACAGECATTGTGATGGACTCCGGAGACGGGGTCACCCACACTGTGCCCATCTACGAGGGCTATGCTCTC-~CCTCACGCCATCCTGCGTCTGGACCTGE 640
Chrlé  TACCCCAGCCATGTCTGTAGCCATCCAGGCTGTGCTGTCCCTGTATGCCTCTGGTCGTACCACTGGCATTGTGATGGACTCCGGAGATGGGETCACCCACACTGTGCCCATCTACGAGGGCTATGCTCTCTCCCTCACGCCATCCTGCGTCTGGACCTGE
ChrXl- CACCCCAGCCTTGTCCGTAGCCATCCAGGCTGTGCTATCCCTGARAGCCTCTGGTCGTACCACTGGCATTGTGATGGACTCCGGAGACGTGGTCACCCACACTGTGCCCATCTACGAGGGCTATGCTCTCT-~CTCACCCCATCCTGCGCCTGGACCAGE
ChrXl+ CACCCCAGCCTTGTCCGTAGCCATCCAGGCTGTGCTATCCCTGARAGCCTCTGGTCGTACCACTGGCATTGTGATGGACTCCGGAGACGTGGTCACCCACACTGTGCCCATCTACGAGGGCTATGCTCTCT--CTCACCCCATCCTGCGCCTGGACCAGE
Chrl? CATCCCAGCCATGTACAACGCCATCCAGGCTGTGTTGTCCCTATATGCATCTCGTTGTACCACTGGTATTTTGATGGACTTCAGAGATG -GGTTACCCACATTATGCCCATCTACGAGGGCTATG CCATGCTGTGTCTGGACCTGG
ChrX2- CACCCCAGCCACATACGTAGCCATCCAGGCTGTGTTGICTCTATATGTCTCTGGTCCTACTACTGGCATTGCAATGGACTCTGGAGACAGGGTCACCCACACTGTGCCTATCTGTGAGEGCTATGCTCTCC-~CTCATTCCATCCTGTGTCTGGACCTGE
ChrX+  CACCCCAGCCACATACGTGGCCATCCAGGCTGTGCTGTCTCTGTATGCCCCTGGTCCTACCACTGGCATTGTGATGGACTCTGGAGACAGGCTCACCCACACTGTGTCCATCTATARGGGCTATGCTATCC--CTAATGCAGTCTTCCATTTGGACTTGE
mActin CTGGCCGGG--ACCTGACAGACTACCTCATGAAGATCCTGACCGAGCGTGGCTACAGCTTCACCACCACAGCTGAGAGGGARATCGTGCGTGACATCARAGAGARGCTGTGCTATGTTGCTCTAGACT TCGAGCAGGAGATGGCCACTGCCGCA---TCC 800
Chrl6  CTGGCCGGG--ACCTGACAGACTACCTCATGAAGATCCTGACTGAGCATGGCTACAGCTTCACCACCACAGCTGAGAGGGARATCGTGCGTGACATCARAGAGARGCTGTGCTATGTTGCCCTAGACT TCGAGCAGGAGATGGCCACGECCGCA---TCC
ChrXl- CTGGCTGTGTGACCTGACGGACTACCTCATGAAGATCCTGACCGAGCGTGGCTACAGCTTCATCACCCCAGCTGAGAGGGTAATCGTGCGTGACATTARAGAGAAGCTGTGCTGTGT TGCCCTAGACTTTGAGCAGGAGATGGCCACTGCCACA—-TCC
ChrXl+ CTGGCTGTGTGACCTGACGGACTACCTCATGAAGATCCTGACCGAGCGTGECTACAGCTTCATCACCCCAGCTGAGAGGGTARTCGTGCGTGACATTARAGAGRAGCTGTGCTGTGTTGCCCTAGACTTTGAGCAGGAGATGGCCACTGCCACA-—~TCC
Chrl7  CTGGECCGGG--ACCTGACAGTGTACCTCATGAAGATCCTGACCCAGCGTGECTACAGCTTCACCAACATGGCTGAGAGGGAAATCATGCGTGACA---AAGAGARGCTGTGCTATGTTGCCCTAGACTT TGAGCAGGAGATGGCCACTGCCGCA--~TTC
ChrX2- CTGGTCTGA--ACCTGACAGACTACCTCAAGAAGATCCTGACAGAGCGTGGCTACAGCTTTACCACCATAGCTGAGAGGGARATTGTGTGTGACATCARAGAGARGCCGTGCTATGTTGCCCTAGATT TCARGCAGGAGATGACCACTGCCGCARGGTCC
ChrX2z+ CTGGCTTGC--ATCTGACAGACTACTTCATGAAGATCCTGACCCAGAGTAGCTACAGCCTCATCACCACAGCTGARGGAGARATTGAGTGTGACATCARAGAGAAGCTGTGCTATGTTGCCCTAGATTTCARGCGGGAGATGGCCACTGCAGCA---TCC
mActin TCTTCCTCCCTGGAGAAGAGCTATGAGCTGCCTGACGGCCAGGTCATCACTAT TGGCAACGAGCGETTCCGATGCCCT-GAGGCTCTTTTCCAGCCTTCCTTCTTGGGTATGGAATCCTGTGGCATCCATGAAACTACATTCAATTCCATCATGAAGTGT 960
Chrlé  TCTTCTTCCCTGGAGAAGAGCTATGAGCTGCCTGACGGCCAGGTCATCACTATTGGCARTGAGCGGTTCCGATACCCT -GAGGCTCTTITCCAGCCTTCCTTCTTGEGTATGGAATCCTGTGGCATCCACGARACTACATTCARTTCCATCATGAAGTGT
Chr¥l- TCTTCCTCCCTGGAGAAGACCTATGAGCTGCTTGATGGECCAGGTCATCACTATTGGTARTGAGAAGT TCTGCTGCCCT-GAGGCTCTTTTCCAGCCTTTCTTCTTGGGTATGGAATCCTGTGGCATCCATGAAACTACAT TCAATTCCACCATGAAGTGT
ChrXl+ TCTTCCTCCCT ARGACCTATGAGCTGCTTGATGGCCAGGTCATCACTATTGGTARTGAGRAGT TCTGCTGCCCT ~GAGGCTCTTTTCCAGCCTTTCT TCTTGGGTATGGAATCCTGTGGCATCCATGRARACTACATTCAATTCCACCATGARGTGT
Chrl7  TCTTCTTCCCTGGAGAAGAGCTATAAGCTGCCTGACAGACAGGTCATCACTATTGGCARTARGCGGTTCCAATGCCCT -GEGECTCTTTTCCAGCCTTCCTTICTTGAGTATGGARTCCTGTGGCATCCATGARACTACATTCARTTCCATCATGARGTAT
ChrX2- TCTTCCTCCCTCGAGAAGAAGTATGAGTTGCCTGACCACCAGGTCATCACTATTGGCARTGAGCAGTTCTGCTGCCCC-RAGGCTCTTCTCCAGTCTTCCTTCTTGGGTATAGAATCCTGTGGTATCCATGARACTACATTCCATTCCATCATGARGTGT
ChrX2+ TCTTCCTCCCTGGAGAAGAGCTATGAGCTGCCTGTTGGCCAGGTCATTACTATTGGCAATGAGCAGTTCTGCTGCCCCTGAGGTTCCTTTCCAGCCTTCCTTCTTGGGCATGGAATACTGTGGTATCCATGAAACTACATTAAGT TCCATCAGGAAGTGT
mActin GACGTTGACATCCGTARAGACCTCTATGCCAACACAGTGCTGTCTGGTGGTACCACCAT- CAGGCATTGCTGACAGGATGCAGAAGGAGATTACTGCTCTGGCTCCTAGCACCATGAAGATCARGATCATTG 1120
Chrl6  GACGTTGACACC----AAGATCTCTATGCCAACACAGTGCTGTCTGGTGATACCACCAT - CAGGCATTGCTGACAGGATGCAGARGGAGAT TACTGCTCTGGCTCCTAGCACCATGAAGATCARGATCATTG
ChrXl- GACTTTGACATCAGGAARAGACCTCTATGCCAACAGAGTGCTGTCTGGTGCCACCACTATACCCATTGCTGACAGGATGCACCACCATGTACACATTGCTGACAGGATGTAGAAGGAGATTGCTGCTCTGGCTCCTAGCACCATGAAGATCARGAGCATTG
ChrXl+ GACTTTGACATCAGGAAAGACCTCTATGCCAACAGAGTGCTGTCTGGTGCCACCACTATACCCATTGCTGACAGGATGCACCACCATGTACACATTGCTGACAGGATGTAGAAGGAGATTGCTGCTCTGGCTCCTAGCACCATGARGATCARGAGCATTG
Chrl7  GACATTGACATTTGTAAAGACTTCTATGCCAACACAGTGCTATCTGGTAGCACCACTAT- CARACATTGCTGACAGGATGCAGAAGGAGATCACTGCTCTAGATCCTAGCACCAAGARGACCAAGATCATTG
ChrX2- GACGTTGACATCCATAAAGACCTCTATGACAACACAGTGCTGTCTGGTGGCACCACCAT - CAGGCATTGCTGACCTGATGCA- ~~GGAGATCACTGCTCTGTCTCCTAGCACCATGAAGATCARGATGATTG
ChrX2+ GACGCTGACATCCGTAAAGACCTTTATGACAACACAGTGCTGTCTGGTGGCACCACCAT: AGGCATTGCTGACCTGATGCA---GGAGATCACTGCTCTGGCTCCTAGCACCATGAAGATCAAGATAATTG
mActin CTCCTCCTGAGCGCAAGTACTCTGTGTGGATCGGTGGECTCCATCCTGGCCTCACTGTCCACCTTCCAGCAGATGTGGATCAGCARGCAGGAGTACGATGAGTCCGGCCCCTCCATCGTGCACCGCARGTGCTTCTAGGCGGACTGTTACTGAGCTGCGTT 1280
Chrl6 CTCCTCCTGAGCGCAAGTACTCTGTGTGGATCGATGGCTCCATCCTGGCCTCACTGTCCACCTTCCAGCAGAT -CGGCTCAGCARGCAGGAGTAGGATGAGTCTGGCCCCTCCATCGTGCACCGCARATGCTTCTAGGCGGACTGTT-—-—— ===~
ChrXl- CTCCTCTTGAGCACAA-—-—-~ TARATGGATCAGTGGCTCCATCCTGGCCTCACTGTCCACCT TCCAGCAGATGTGGATCAGCARGCAG- -~ TACAATGAGTC TGGCCCCTCCATCGTGCACTGCARATGCTTCTAGGCAARCTGT TACTGAGCTGCGTT
ChrXl+ CTCCTCTTGAGCACAA-—-—-~ TARATGGATCAGTGGCTCCATCCTGGCCTCACTGTCCACCT TCCAGCAGATGTGGATCAGCARGCAG - ~~TACAATGAGTCTGGCCCCTCCATCGTGCACTGCARATGCTTCTAGGCARACTGT TACTGAGCTGCGTT
Chrl7  CTCCTCCTAAGCTCAGGTACTCTGTGTAGATCAGTGGCTCCATCCTGGCCTC GAGTCTGGCCTCTCCATCATGCACCACARATGTT TCTAGGCAGACTGTTACTGAGCTGTGTT
Chrx2- CTCCTTCTGAGCGCAAGTACTCTGTGTGGATCGGTGCCTCCATCCTGGCCTCACTGACCACCTTCTAGCAGATGTGGATCAGCAAGCAGGAGTACGATGAGTCCGGTCACTCCATCGTGCACCACARATGCTTCTAGGTGGACTGTTATTGAGCTTCATT
ChrX2+ CTCTTTCTGAGCACAAGTACTCTGTGTGGATCAGTGGCTCCATCCTGGCCTCACTGACCACCT TCTAGCAGATGTGGT TCAGTARGCAGGAGTATGATGAATCTGGTCCCTCCATCATGCACTGCARATGCTTCTAGGTGEACTGT TATTGAGCTGCATT
mActin TTACACCCTTTCTTTGACAARACCTAACTTGCGCAGAA--—-ARARAAAARATARGA - ACAACATTGGCATGGCTTTGTTTTTTTAAATTTTTTTTARAGTTTTTITTTTITITTTTTTTTTIT-—— 1440
Chrlé TTACACCCTTTCTTTGACAAARCCTAACTTGTGCAGAR-———ARAAAAA— ACAACATTGGCATGGCTTTGTTTTTGT
ChrXl- TTACACCCTTTCTTTGACAARACCTAACTTGTGCAGAAAAATARAAAAA---TAAGAS - ==---ACAACATTGGCATGTCTTT-TTAATTT
ChrX1+ TTACACCCTTTCTTTGACAARACCTAACTTGTGCAGAARAATARRARAA---TAAGA - - ACAACATTGGCATGTCTTT-TTAATTT
Chrl7  TTATGCCCTTTCTTTGACATAACCTAACTTGGGCAG- -ACAACATTGGCATGGCTTTGITTGTTT -
ChrXz- TTACACCCTTTCTTTGACAARATCTAACTTTCACTG:
ChrX2+ TTCCACCCTTTCTTTGACAAAATCTAACTTTCACAG- TARRAR——
(1471 1189th nt)

mActin —--TTTTTTAAGTTTTTTTGTTTTGTTTTGGCGCTTTTGACTCAGGATTTAAAAACTGG- 1600
Chrlé  ==-TTTTAARRRGGTTTTTTGTTTTGTTTTGGCGCTTTTGACTCAGGATTTARARACTGG-
ChrXl- =--GITTGTT-TTTTGTTTTCTTTTGTTTTGGCGCTTCTGAGTCAGGATTTARARACT!
ChrX1+ =-GITTGTIT-TTTTGTTTTCTTTTGTTTTGGCGCTTCTGAGTCAGGATTTAAAARCTGG -TTGTACAA-TGTGGCTGAGGACTTTG
Chrl7  AAGTTTTTTGTTTTGTTTTGTTTTGTTTTGGCGCTTTAGACTCAGGATTTTARAACTGG- -GGTCGGTTGEAGCARACATCCCCCARAGTCCTACAG-TGTGETTGAGCAGTTTG
ChrX2- ---ATTTTTTTTAATTGTTGTTTGGTTTTGCTGCTTTGGACTCGAGATTTAAAAACTGGAACAGTGAAGGCAACAAGCAGTGARGGTGACAGCAGTCGGTTGGAGCAAACATCCCCCAMAGTTCTACAA-GGTGGCTGAGGATTTGG-——ATTGTACATT
CREXZH  —mmmmmmmmmmee TIGTTTGGTTTTGGTGCTTTTGACTCGAGATTTARARACTG -~ ————— === ===, ARCAGTARRGGAGACAGCAGATGGT TAGAGCAAGCATCCCC -ARAGTT:
mActin - TTAATAGTCATTCCAAGTATCCATGARATARGTGGTTACAGGAAGTCCCTCACCCTCCCARAAGCCACCCCCACTCCTARGAGGAGGATGGTCGCG 1760
Chrié TTGTTTTTTTGATTTTGTCTTTTT - ~TTAATAGTCATCCCRAGTATCCATGAARTAAGTGGTTACAGGAAGTCCCTCACCCTCCCARARGCCACCCCCACTCCTARGARGAGGATGGCCGAG
ChrX1- TTATTTTTTTGGTTTTGTTTT - ~TTAATAGTCATTACRAGTATCCATGARATAAGTGET TARAGGAAGACCCT TACCCTCC - ARARGCCACTCCCACGECTAAGAGARGGATGGACAAG
ChrX1+ TTATTTTTTTGGTTTTGTTTT TTAATAGTCATTACAAGTATCCATGARATAAGTGGTTARAGGAAGACCCTTACCCTCC- ARARGCCACTCCCACGOCTARGAGAAGGATGGACAAG
Chrl?  —=—=m—mmme TTGETTTTTTGGTT T TG T I T TG T T T TG T T T TG T T T TG T T T TG T T T TG T TTTGTT T TAATAGTCAT TCCAAGTACTCATGAARTACATGGT TAAAGGAAT TCCCTCACCCTCCCAAARGGCACACCCACTCC TAAGAGGAGGATGGCCAAG
Chr¥2- GTTTTTTTTTTTTTTTTTTTGGTTTTGTTTT TTAATAGTCATTCCAAGTATCCATTARATACATAGTTACARGAAGTCCCTCACCCTCCCARARGCCACCCCCACTCCTAAGAGGAGGATAGCCAAG
Chrxz+ ---TTT -- ---=-~TTAATAGTCACTCCACATATTTATTARRGATA-GACTATAGGARGT TCCTCACCCTCCCARARGC TACTCCCACTCTTGAGAGGAGGATGGCTGAG
mActin TCCATGCCCTGAGTCCACCCCGGGGAAGGTGACAGCATTGCTTCTGTGTAARATTATGTACTGCAARARTT TTTTTAARTCTTCCGCCTTAATACTTC-~~ATTTTT-GTTTTTAAT TTCTGAATGGCCCAGGTC-TGAGGCCTCCCTTTTTTTT 1920
Chri6 TCCACGCCCTGAGTCCACCCCGGGGAAGGTGACAGCATTGCTTCTGTGTARATTATGTACTGCAARARTTTTTT-AARTCTTCTGCCTTARTACTTC-~~ATTTTT-GTTTTTAAT TTCTGAATGGTC -AGCTAGTGTGGCCCCCCTTTTT-~T
ChrXl- TCCACACCCTGAGTCCACACCGGGGAAGGTGACATCAGTGGGTCTGTGTARATTATGTACTGCARAATTTTTTTTTAATCTTCTGCCT TARTGCTTC-—~AT TTTT-GTATTTAATTTCTGACTG-TC-AGCCATCGTGECTCCCOCTTTT--T
ChrXl+ TCCACACCCTGAGTCCACACCGGGGAAGGTGACATCAGTGGGTCTGTGTARATTATGTACTGCARAATTTTTTTTTAATCT TCTGCCTTARTGCTTC-=~ATTTTT-GTATTTART TTCTGACTG-TC~AGCCATCGTGGCTCCCCCTTTT==T
Chrl7  TCCACGCCCTGAGTCCACACTGGGCAAGGTGACAGCATTGCTTCTGTGTARATTATGTACTGCAAAAGTTTTTTTAARTCTTCCACAGTARTACTTCCTCATTTTT-GTTTTTAAT TTCTGAATGGTC-AGCCATCATGGCCCCCCTTTTT--T
ChrX2- TCCATACCCTGAGTCCATACCAGGAAATGTGGCAGCATAGCTTCTGTATAAATTATATACCGCAAATTCTTTTTTAARGCTTCCACCTTARTACTTCTTCACTTTT-ATTTTARAT TTCTGAATGATC -AGCCATTGTGTCTCTTCTTTTTTGTCCCCCC
ChIXZ+ TCCA~~===mmmmmmm e e AGGTGACAGCATTACTTCTGTGTAATTTATGTACTG-ARATATT TTTAARARCCTTCTTCCT TARTATTTCTTCAT TTTTTGTTTTTAGT TTTTGAATGGTA-AGTCATTGTGA- -~ TTCTTTTGAATTTGGCT

Reverse primer (1852-1870th nt)
mActin CCCCCAACTTGATGTATGAAGGCTTTGGTCTCCCTGGGAGGEGETTGAGGTGTTGAGGCAGCCAGEGCTGGCCTGTACACTGACTTGAGACCA- ATARARGTGCACACCTTACCTTACACARAC---- 1889
Chrl6  CCCCCAACTTGATGTATGAAGGCTTTGGTCTCTCTGGGAGTGAGTTGAGGTGTTGAGGCAGCCAGGGCTGGCCTGTACACTGACTTGAGACCATT' RARA
ChrXl- CCCCCARCTTGATGTATGAAGGCTTTGGTCTCCCTAGGAGTGGGTTGAGGT GTTGAGGCAGCCAGEGCTGGCCTGTACACTGACTTARGACCATTTTAATAGRAGTGCACACCTTAC
ChrXl+ CCCCCAACTTGATGTATGAAGGCTTTGGTCTCCCTAGGAGTGGGTTGAGGTGTTGAGGCAGCCAGGECTGECCTGTACACTGACTTAAGACCATT TTAATAGARGTGCACACCTTAC- -~ ARACACACARAC
Chrl7 CCCCCAGCTTGATGTATAAAGGCTTTGGTTTCTCCAGAAGCAGGTTGAGGTGTTGAGGCAGCCAGGGCTGGCCTGGACACTGACT TAAGACCATTTTAATAAATGCACACACCTTAC———AAACAAAC————
ChrX2- CCCCCAACTTGATATATGAAGGCTTTGGTCACCCTGGGAATGGGTTGAGGTGTTGAGGCAGCCCGEETTGGCCTGTACACTGACTTGAGACGATTTTAATARRAGTGCACACC—
ChrX2+ CCACCAATTTGTTGTATGAAAGCTTTAATCTTCCTGGGAGTGGCTTGAGGTGTTGAGGCA-—=—=—== GCCTGTACAGTGACTTGAGATCATTTTARTARARGTGGACACC -

Figure 4. Alignment of the Actb mRNA with the six PGs that are the most homologous to the Actb mRNA shows that the Actb mRNA
has no unique region that is long enough to be a primer. The 1471-1489th nt and 1852-1870th nt regions of the Actb mRNA (underlined)
have the most mismatches compared with other regions and thus are used as the forward and reverse primers, respectively.

doi:10.1371/journal.pone.0041659.9004

have them [21]. The simplest way is to use the to-be-studied
mRNA sequence, after removing its poly-A tail if there is one, as a
bait to fish out PGs from the corresponding genome. Primers
should be assigned to the regions unique to the mRNA, such as the
first 26 nt of the wild type GAPDH (NM_002046.4). If there is no
unique region, a second step should be taken to align the mRNA
with the PG sequence, so as to identify regions that encompass the
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most mismatches, such as the region used as our GAPDH reverse
primer. Once such a region is selected, the whole mRNA
sequence, but not just the selected region, should be used to run
the routine primer designing software to further analyze whether a
primer can be identified within the selected region. It merits
mention that one type of quantitative PCR technique uses a gene-
specific oligo (with modified backbone) probe, besides the two
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Forgoing Beta-Actin and GAPDH in RT-PCR

Forward primer (6-25th nt)
hGAPDH TCGCTCTCTGCTCCTCCTGTTCGACAGTCAGCCGCATCTTCTTTTGCGTCGCCAGCCGAGCCACATCGCTCAGACACCATGGGEARGGTGAAGGTCGEAGTCARCGGATTTGGTCGTATTGEGCGCCTGET-CACC 160
Chrx GCTCTCTGCTCCTCCTGTTCTACAGTCAGCCGCATCTTC TTTTGCATCGTCAGCCAAACCACATCCCTGAGACACCATGGGGAAGGTGAAGGTCGGAGTCARCAGATTTGGTCGTACTGGGCGCCTGGT -CACT
Chrx2 TCTCTGCTCCTCTTGTTCGACAGACARCCACATCTTCTCTTGCAT TGCCAGCOG -~~~ CATCCATGAGACACCATGEGEARGGTGAAGGTCGEAGTCARCGGAT TTGGTCGTAT TAGGCGCCTGGT-CAGC
Chré-1 AGCCA ~CATCCCTGAGACACCATGGTGAAGGTGAAGGTCAGGGTCAGTGGATTTGGTCGTATTGGGCGCCTGGT-CAGC
Chrs TCTCTGCTCCTCCCGTTCGACAGACAGCCACATCTTCTCATGCATCACCAGCCG: ~CATCCCTGRGACACCACGGTGARGGTGAAGGCTGGAGTCARTGGATTTGGTCGTATTGAACACCTGGT ~ARCC
Chrl3 - -GCTCCCTGCTTCTCCTGTTCGACAGACAGCCACATTTTCTCTTGCATTGCCAGCCG - CATCCCTGAGACATCATGGTGARGGTGAAGGCCAGAGTCGACAGAT TTGETCATGTTAGGTGTCTGGT -CACT
Chré-2 GCTCTCTGCTCCTCCTGTTTGACAGACAGCTGCATCTTCTCTTGCATTGCCARCCA ~CATCCCTGAGACACCATGGGGAAAGTGAAGGT TGGAGTCARTGGAT TTGGT TGTATTGGGCGCCTGGT-CATC
Chris - TCTCTGCTCCTCCTGTTCGACAGACAGCCACATATTCTCTCGCATTGGCAGCTG- -~~~ CATCCCTGAGACACCATGEGT ARGGTGAAGGTCAGAGTCARCAGAT TTEGTCGTACTGEGTGCCTEGTGCACT
hGAPDH AGGGCTGCTTTTAACTCTGGTARAGTGGATATTGTTGCCATCAATGACCCCTTCATTGACCTCARCTACATGGTTTACATGTTCCAATATGAT TCCACCCATGGCAAATTCCATGGCACCGTCAAGGCTGAGAACGGGAAGCTTGTCATCAA-TGGAAAT 320
ChrX AGGGCTGCTTTTAACTCTGGTARAGTGGATAT TGTTGCCATCAATGACCCCTTCATTGACCTGAACTACATGGTTTACATGTTCCAATATGACTCCACCCATAGCARATTCCATGGCACCGTCARGGCTGAGAATGGGAAGCTTGTCATCAR-TGGARAT
ChrX2  AGGGTTGCGTTTAACTCTGTTAARGTGGATATTGTTGCCATCAATGACCCCTTCATTGACCTCARCTACATGGTCTACATGTTCCAGTATGATTCCACCCATGGCARATTCCATGGCACCATCARGGCTGAGRACGEGRRATTTGTCATCARATGGARAT
Chré-1 AGGGCTA-TTTTAACTCTGGTARRGTGGATATTATCACCATCAGTGACCCCTTCATTGATCTCARGTACATGGTCTACATGTTCCTGTATGATTCCACCCATGGCARATTCCATGGCACCATCARGGCTGAGAACGGGARACTTGTCATCAA-TGGARAT
Chrs ARGCCTGCTTTTAACTCTEGTARRGTGGATATTGTCACCATCAATGACCCCTTCGTTGACCTCARCARCATGGTCTACATGTTCCAGTATGATTCCACCCATGGCARATTCTGTGGCACCGTCARGGCTGAGAACAGGARGCTTGTCGCCAG-TGGARRT
Chrl3 AGGGCTGCTTTTAACTCTGCTARAGTAGATATTGTGGCCATCAGTGACCCCTTCATTGACCTCARCTACATGGTCTACATGTTCCAGTATGGTTCTACCCATGGCARATTCCATGGCACTGTCARGGCTGAGARCAGGAAGCT TGTCATCAC-TGGAAAT
Chré-2 AGGGCTGCTTGTAATTCTGGTARAGTAGATATTATCGCCATCARTGACCCATTCATTGACCTCAGCTACATGGTCTACATGTTCCAGTATGATCOCACCCATGETAAATTCCATGGCACCGTCARGGCTGAGAACGEGARGCTTGTCATCAR-TGGARAT
Chrl5  ATGACTGCTTTTAACTCTGGTARRGTGGATATTGTTGCCATCAATGACCCCTTCATTGACCTCARCTACATGGTCTACATGTTCCTGTATGATTCTACACATGGCAAATTCCATGGCACCGTCARGGCTGAGAACGGGACGCTTGTCATCAR-TGGARAC
hGAPDH CCCATCACC-ATCTTCCAGGAGCGAGATCCCTCCAARATCAAGTGGGGCGATGCTGGCGCTGAGTACGTCGTGGAGTCCACTGGCGTCTTCACCACCATGGAGARGGCTGGGGCTCATTTGCAG GCCAARAGGGTCATCATCTCTGCCCCCTCT 480
Chrx CCCATCACC-ATCTTCCAGGAGCGAGATCCCTCCARRATCAAGTGGGGCGATGCTGGCGCTGAGTACGTCATGGAGTCCACTGGCGTCTTCACCACCATGTAGAAGGC TGGGCCTCATT TGCAGGGGGGAGCCARAAGGGTCATCATCTCTGCCCCCTCT
ChrX2  CCCATCACC-ATCTTTCAGGAGCARGATCCCTCTAARATCAAGTGGGGCGATGCTGETGCTGAGTACGTCGTGGAGTCOACTGGCETCTTCACCACCATGTAGARGGCTGGGGCTCATTTGCAGE CARAAGGGTCATCATCTCTGCCCCCTCT
Chré-1 CCCATCACC-ATCTTCCAGGAGCGAGATCCCTCCAARATCAAATGGGGCACTGCTGETGCTGAGTACATCOTGGAGCCCACCGGCACCTTTACCACCATGGAGARGACTGGGGCTCACT TGCAGGGAGGAGCCARRAGGGTCATCATCTCTGCCCCCTCT
Chrs CCCATCACC-GTCTTCCAGG-GCGAGATCCCTCCARRATCAAATGGGGTGATGCTGGTGCTCAGTACATTGCGGAGTCCACTTGTATC TTCACCACCATGGAGARGGC TGGEGCTGACT TGCAGGGAGGAGCCARAAGGGTCATCATCTCTGCCCCCTCT
Chrl3  CTCATCACC-ATCTTCCAGGAGCGAGATCCCTCCAARATCARATGGGGTGATGCTGGCACTGAGTACAGTGTGGAGTCCACCAGCATCTTCACCATCATGGAGARGTCTGGGGCTCACT TGCAGGGAGGAGCCARAAGGGTCATCCTTTCTGCCCCCTCT
Chré-2 CCCATCACT-ATCTTCCAGGAGCCAGATCCCTCCARRATCAAGTGGGGTGATGCTGGCACTGAGTATGTCATGGAGTCCACTGGCATCTTCACCACCATGGAGARTGCTGGGGCTCACT TGCAGTGGGGAGCCARAAGGGTCATCATCTCTGCCCCCTCT
Chrl5  CCCATCACCCATTTTCCAGGACCAAGATCCCTCCARRATCAAATGGGGTGATGCTGGCGCTGAGTACGTCGTAGRGTTCACTGGTGTCTTCACCACCATGGAGARGECTGGGGCTCACT TGCAGGGGGGAGCCARRAGGGTCARCATCTCTGTCCTCTCT
hGAPDE GCTGATGCCCCCATGTTCGTCATGGGTGTGAACCATGAGAAGTATGACAACAGCCTCAAGATCATCAGCAATGCCTCCTGCACCACCARCTGCTTAGCACCCCTGGCCARGGTCATCCATGACAACTTTGGTATCGTGGAAGGACTCATGACCACAGTCC 640
Chrx GCTGATGCCCCAATGTTTGTCATGGGTGTGAACCATGAGARGTATGACARCARCCTCAAGAT TGTCGGCAGTGCCTTCTGCACCACCAACTGC TTAGCACCCCTGGCCARGGTCATCCATGACARCTTTGGTATCGTGGARGGACTCATGACCATAGTCC
ChrX2  GCTGATGCCCCCATGTTTGTGATGGGCATGARCCATGAGRAGTATGACAACAACCTCAAGATCGTCAGCAATGCCTCCTGCACCACCARCTACT TAGCGCCCCTGGCCARGGTCATCCATGACARCTTTGGTATCGTGGARGGACTCATGACCACAGTCE
Chré-1 GCTGATGCCTCCGTGTTCATARTGGGTGTGAACAATGAGAAGTATGACAACAGCCTCARGATCATCAGCAATGCCTCCTGTACCACCARCTGCTTAGCGCCCCGEECCARGGTCCTCCATGACARCTTTGGTATCGTGRRAGGACTCATGACCACAGTCC
Chrs GCTGATGCCCCCATGTTCGTGATGGATGTGARCCACGAGAAGTATGACARCAGCCTCAAGATCGTCAGCARTGCCTCCTGCATCACCARCTGC TTAGCGCCCCTGECCARCGTCATCCA- - ~CARCTTTGGTATCGTGGRAGGACCCATGACCACAGTCC
Chrl3  GCCAACACCCTGATGTTCGTGATGGGCGTGACCCATGAGAATTATGACAGCAGCCTCAAGATCATCAGCAATGCCTCCTGCACCATGAATTGCT TAGCACCCCTGGCCARRGTCATCCGTGACARCTTTGGTATCATGGARGGACTCATGACCACAGTCC
Chré-2 GCTGATCCCCCCATGTTCACGATGGGTGTGARCCATGAGAAGTATGACAACAGCCTCAAGATCATCAGCAATGCCACCTGAACCACCAACTGCCTAGCGCCCCTGGCCARRGTCATCACTGACAACTTTGGTATCGTGGARGGACTCATGACCACAGTCE
Chrls GTTGATGCCCCCATGTTTGTGATGGGCGTGAACCATGAGAAGTATGACAACAGCCTCAAGATCGTCAGCAATGCCTCCTGCATCACCARCTGCTTAGCGCCCC-AGCCARGGTCATCCATGACARCTTTGGTATCATAGARGGATTCATGACCACAGTTC

Reverse primer (685-7055h nt)

hGAPDH ATGCCATCACTGCCACCCAGRAGACTGTGGATGGCCCCTCCGGGRAACTGTGGCGTG: CGGGGCTCTCCAGARCATCATCCCTGCCTCTACTGGCGCTGCCARGGCTGTGEGCAAGGTCATCCCTGAGCTGARCGGGAAGCTCACTGGCATGGE 800
Chrx ACGCCATCACTAOCACCCAGAAGACTOTGOATERCCCCTCEGGAARACTOTGA0RTEATEACCACBG6G0TCTCCAGRACATCATCCC TR OCTO TACTGGCAC T GARGGCTATGEGCAAGG TCATCCCTGAGC TGARCGAGAAGCTCACTGGCATAGE
ChrX2  ACGCCATCACTGCCACCCAGAAGACTGCGGATGGCCCCTCTGGGAAACTGTGGCATGACGECCaCGGEGCTCTCCAGAACATCATTCCTGCCTCTACTGACGCTGCCAAGGCTGTGGGAAAGGTCATCCCTGAGCTGAACGGGAAGCTCACTGGCATGEE
Chré-1 ATGCCATCACCGCCACCCAGAAGACTGTGGATGGCCCCTCCAGGRARCTGTGGCATGACGGLIGEGGEACTCTCCAGRACATCATCCCTGCCTCTACTGGCACTGCCARGGCTGTGGGCARGGTCATCCCTGAGCTGAACGGGAAGCTCACTGGOATGEE
ChrS ATGCTATCACTGCCACCCAGAAGATTGTGGATGGCCCCTCCGGGAAACT --GGCaTaAcGECC GaGCTCTCCAGAACATCATCCCTGCCTCTACTGGCACTGCCAAAGCTGTGGGCAAGGTCATCCCTGAGCTGARCAGGAAGCTTACTGGCATGGE
Chrl3  ATGCTGTCCCTGCCACCCAGRRAGACTGTGGATGGACCATCCAGGAGACTGTGGLGTGATaGC At GGGGCTCTCCAGRACATCATCCCTGCCCCTAGTGACGCTGCCARGGCTGTGECCAAGGTCATCCCTGAGCTGARTGGGAAGCTCACTGGCATGGE
Chré-2 ACGCCATCACTGCCACCCAGRAGACTGTGAATGGCCCCTCCAGGARACTGTGGCGTGACAGCCACaGGGCTCTCCAGAACATCATCCCTGCCACTACTGG-GCTGCCARGGCTGTGAGGAAGGTCATCCCTGAGCTGARTGGTAAGCTCACTGGCATGGE
Chrl5  ACACCATCACTGCCACCCA---GACTATAAATGGCCCCTCCGGGARACTGTCaCGTGATGGCEGCaGGGCTCTCCAGGACATCATCCCTGTCTCTACTGGCGCTGCCARGCCTGTGEGTARGGTCATCCCTGAGCTGARCGGGAAGCTCACTGGCATGGT
hGAPDH CTTCCGTGTCCCCACTGCCARCGTGTCAGTGETGEACCTGACCTGCCGTCTAGRRARACCTGCCARATATGATGACATCARGARGGTGETGAAGEAGGCGTCGEAGGEECCCCTCARGGECATCCTGEGCTACA- —~CTGAGCACCAGGTGETCTCCTCT 960
chrX CTTCTGTGTCCCCACTGE---CGTGTCAGTGGTGGACCTGACCTGCCETCTGGAAAAACCTGCCARATATGATGACACCARGAAGGTGETGAAGCAGGCATCGGAGGGCCCCCTCAAGEGCATCCTGGGCTACA--~CTGAGCACCAGETGGTCTCCTCC
ChrX2  CTTCCATGCCCCCACTGCCARTGTGTCAGTGGTGGACCTGACCTGCTGTCTGGARRACCCTGCCARATATGACARCATCARGARGGTGGTGAAGCAGGCGTTGARGGCCCCCCTCARGGGCATCCTGGGCTARR--~CTGAGCACCAGGTGGTCTCCTCC
Chré-1 CTTCTGTGTCCCCACTGCCARTGTGTCAGTCGTGGACCTGATCTACCATCTGGARRAACCTACCARATATCATGGCATCARGARGGTGGTGAAGGAGGCATCAGAGGGCTCCCTCTAGEGCATCCTGGGCTACARCACCGAGCACCAGETTGTCTCCTTC
Chr5 ATTCTGTGTCCTCACTGCCARTGTGT TGGTCATGGACCTGACATGCCATCTGGARAAACC TGCCARATACAATGACATCARGARGGTAGTARAGCAGGCATCCAACG-CCCCCTCAAGGGCATCCTGGGCTACA- -~ ~CGAGCACCAGGTGGTCTCCTCT
Chrl3  CTTCTGTGTCCCCACTGCCARCTTGTCAGTTGTGEATCTGACCTGCTGTCTTGARAAACCTGECARATATGATGACATCARGARGETGGTARAGCAGGTGTCAGAGGGCCCCCTCARGGGCATCCTGGGCTACA- - ~CTGAGTACCAGCTTGTCTCCTCT
Chré-2 CCTCCGTGTCCCCACTGCCAACGTGTCAGTGGTGGACCTCACCTACCATCTGGAAAAACCTGCCAAATATGATGACATCARGAAGGTGGTGAAGCAGGCATCAGAGGGCCCCCTCAAAGGCATCCTGEGCTACA-——CTGGGCACCAGGTGGTCTCCTCC
ChrlS  CTTCCATGTCCCCACTGCCARTGTGTCAGTGGCGGACCTGACCTGTCGTCTGGARRAACCTGCCAR-TATGATGACATCARGARGGTGGTGAAGTAGGCATCGGAGGGCCCCCTCAAGAGCATCCTGGGCTACAR- -~ TGAGCACCAGATGGTCTCCTTC
hGAPDH GACTTCAACAGCGACACCCAC -TCCTCCACCTTTGACGCTEGGGCTGGCATTGCCCTCARCGACCACTT TG TCARGCTCATTTCCTGG TATGACAACGRAT TTGGCTACAGCARCAGGGTGGTGGACCTCATGGCCCACATGGCCTCCARGGAGT 1120
Chrx GACTTCAARCAGCAACACCCAC TCTTCCACCTTCAATGCTGGGGCTGTCATTGCCCTCARCARCCACTTTTTCARGCTCATTTCCTGGTATGACARTGAAT TTGGCTACAGCAACAGGATGGTGGACCTCATGGCCCACATGGCCTCCARGGAGT
ChrX2  GATTTCAACAGTGACACCCCC TCCTCCACCTTCAATGCTEGEGCTGECATTGCCCTCARCGACCACTTTGTCARGCTCATTTCCTGGTATGACAATGAAT TTGGCTACAGCAACAGGGTGGTGGACCTCATGGCCCACATGGCCTCCARGGAGT
Chré-1 GACTTCAACAGCGACATCCAT -TCTTCCACCTTTGATGTTGGGGCTGGCATTGCCCTCAACAACCACTGTGTCAAGCTCATTTCCTGGTATGAGAATGAATTTGGCTACAGCAACACGGTGGTGGACGTCATGGCCCACAAGTCCTCCAAGGAGT
Chrs GACTTCAACAGCGACACCCACACCTACTCTTCCACCTTCAATGCTGGGGE TGGCACTGCCCTCEATGGCCACTTTGTCARGCTCGT TTCCTGGTATGACAATGAAT TTGGCTACAGCAACAGGGTGETGAACCTCAGGGCCCACATGGCCGCCARGGAGT
Chrl3  GACTTCAACAGCGACACCCAC ~TCTTCCACCTTCGACGC TGGEGCTAGCATTGCCCTCAACGACCACTTTTTCARGCTCATTTCCTGGTATGACAATGAAT TTGGCTACAGCAACAGGGTGATGGACCTCATGGCCCACATGTCCTCCARGGAGT
Chré-2 GACTTCARACRGTGACACCCAC TCTTCCACCTTCAATGCTGGGGCTGGCACTGCCCTCARCGACCACTTTGTCARGCTCATTTCCTGGTATGACAATGAATTTGGCTACAACAACAGGGTGGTGGACCTCATGGCCCACATGECCTCCARGGAGT
Chrl5  GACTTCAACAGCAACACCCAC -TCTTCTACCTTCGATGCTGGGGCAGCCATTGTCCTCARGGACCACTCTGTCARGCTARTTTCCTGGTATGACAATGAAT TTGGCTACAGCARCAGGGTGGTGCACCTCATGGCCCACAATGCCTCCARGGAGT
hGAPDH AAGACCCCTGGACCACCAGCCCCAGCAAGAGCAC AGAGACCCTCACTGCTGGGEAGTCCCTGCCACACTCAGTCCCCCACCACACTGA -~~~ ATCTCCCCTCCTCACAGTTGOCATGTAGACCCCTTGAAGAGGGGAGGGGCCTAGE 1280
ChrX AAGACCCCTGGACCACCAGCCCCAGTAAGAGCACAAGAGGAAGAGAGAGACCCTCACTGCTGGGGAGTCCCTGCCACACTCAGTCCCCCACCACACTGA: TCTCCCCTCCTCACAGTTTCCATGTAGACCCCTTGAAGAGGGGAGGGGCCTAGG
ChrX2  GGGACTCCTGGACCACCAACTCCAGCGAGAGCACAAGAGGAAGAGAGAGACCCTCACTGCTGEGEAGTTCCTGCCACACTCAGTCCCCCACCACACT -~ ~=-CCCCTCCTCACAGT TTCCATGCAGACCACTTGAAGAGGG-AGGGACCTAGE
Chré-1 AAGACCCCTGAACCACCAGCCCCAGTGACAGCACAAGAGGAARAGAGAGGCCCTCACTGCTGGGGAGTCCCTGCCACACTCAGTCCCCTGCCACRATGA----GRATC TCCCCTCCTCACAGTTTCCATGCAGACCCCCTGAAGAGGG-AGTGGCCTAGE
Chrs ARGACCCCCTGACCACCAGCCCCAGCGAGAGCACCAGAGGAAGAGAGAGACCCTCACTGCTGGGGAGTCCCTGCCACACTCAGTCCCCCACCACACTAACTAAGAATCACCCCTCCTCACAGTTTCCATGCAGACACCCTGAAGAGGG-AGGGGCCTAGG
Chrl3  ARGACCCCCAGACCACCAGCCCCAGTGAGAGCACAAGAGGA GCCTTCACTGCTGGEGGG- - - - -~~~ ACACT TAGTCCCCCTCCACACTGA- - - - GRATCCCOCCTCCTCAGAGT T TCCATGCAGATCTCCTGARGAGGG- AGGGGCCTAGG
Chré-2 AAGACCCCTGGACCACCAGCCTCAGCGAGAGCACAGGAGGAAGAAAGAGGCCCTCACTGTTCEGGAGTCCCTGGCACACTCA-TTCCCCACCACACTGA-—————. ATCTTCCCTCCTCACACATTCCATGCACACCCCTTGAAGAGGG-AGGGGCCTAGG
Chrl5  AAGACCCCTGGACCACCAGCC-CAGCGACAGCATGAGAGGAAGACAGRAGCTCTTACTGCTCEGEAGTCCCTGCCATARTCAGTCCCCCACCARGCTGA -~~~ ATCTCCCCTCCTCACAGT TTCCATGCAGACCCCTT GGGCCTAGG
hGAPDH GAGCCGCACCTTGTCATGTACCATCAATARAGTACCCTGTGCTCAACC 1310
Chrx GAGCCCCACCTTGTCATATACCATCAATARAGTACCCTGTGCTCAGCT
ChrX2  GAGCCCCACCTTGTCGTGTACCATCAGTAARGTCCCCTGTGCTCAGCT
Chré-1 GAGCCCCACCTTGTCTTGTACCATCAACAARGTCCCCTGTGCTCAGCE
Chrs GCGCCCCACCTTGTCATGTACCATCAATAARGTCCCCTGTGCTCAGCE
Chrl3 GAGCCCCACCTTGTCATGTACCATCAATARAGTCCCCTGTGCTCA-—-
Chré-2 GAGCCCCATGTTGTCGTGTACCATCAATAARGTCCCCTGTGCTCAGET
Chrl5  GTGCCCCACCTTGTCATGTACCATCAATAARGTGCCTTGTGCTCAGCS

Figure 5. Alignment of the human GAPDH mRNA with seven PGs that are the best homologous to the wild type GAPDH mRNA
shows that the first 26 nt of the mRNA is the only unique region while the 685-705th nt region of the GAPDH has the most
mismatches (shown as underlined lowercase letters in PGs). We select the 6-25th and the 685-705th regions as the forward and reverse

primers (underlined), respectively.
doi:10.1371/journal.pone.0041659.g005

primers, to increase the specificity. This strategy should also
enhance the preference to the authentic cDNA if] like the two
primers, the probe is also assigned to a region containing
mismatches. However, it remains possible that like the two
primers, the probe also mis-anneals with some PGs, due to the
high sequence similarity. It also merits mention that because
mouse genome varies hugely among different strains [37], the real
risk of mis-priming may be higher in the cells or tissues from some
strains of mice.

Specificity is an important criterion of primer design for PCR,
which hitherto is concerned only vertically: appearance of
additional band(s) above or below the expected one(s) in the same
lane of the agarose gel is indicative of non-specificity of the primer
pair, as seen in the PCR results from our ACTB and Actb primers
(Fig. 7A, 7D and 7E). We now propose to consider the specificity
also horizontally as part of the SOP: gDNA sample should be
included in PCR as template and in the ensuing gel electropho-
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resis, so as to determine whether there are processed PGs
amplified. This is needed if it is preferred not to determine
whether a PG is transcribed in the to-be-studied cell type or
situation. If the expected band appears also in the gDNA samples,
the primers need to be redesigned or a complete DNase digestion
of RNA sample needs to be ensured. As an example of the
horizontal criteria, the slight difference in the expected band of
Actb between ¢cDNA and gDNA samples is discerned when they
were loaded into the agarose gel in a side-by-side manner, i.e. the
band from gDNA samples is fuzzy and seems to be mixed bands
(Fig. 7D and 7E), suggesting that the primers may not be specific
horizontally, although they were selected already under the best
consideration of PGs. A caveat needs to be given that it is generally
more difficult to perform PCR with gDNA as template, in part
because long chromatin DNAs are highly wound and difficult to
be denatured by heating and annealed by primers. This may be
one of the reasons why results from gDNA samples may differ
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Forgoing Beta-Actin and GAPDH in RT-PCR

Chrd-1 AGAGACAGCCGCATCTTCTTGTGCAGTGCCAGCCTCGTCCCGTAGACAAAATGGTGAAGGTCGGTGTGAACGGATTTGGCCGTATTGGGCGCCTGGTCACCAGGGCTGCCATTTGCAGTGGCAMAGTGGAGATTGTTGCCATCAACGACCCCTTCATTGA
Chrl5s AGAGACAGCCGCATCTTCTTGTGCAGTGCCAGCCTCGTCCCGTAGACAARATGGTGAAGGTCGGTGTGARCGGATTTGGCCGTATTGGGCGCCTGGTCACCAGGGCTGCCATTTGCAGTGGCARAGTGGAGATTGTTGCCATCAACGACCCCTTCATTGA
mGAPDH AGAGACGGCCGCATCTTCTTGTGCAGTGCCAGCCTCGTCCCGTAGACAMAATGGTGAAGGTCGGTGTGARCGGATTTGGCCGTATTGGGCGCCTGGTCACCAGGGCTGCCATTTGCAGTGGCARAAGTGGAGATTGTTGCCATCAACGACCCCTTCATTGA 160
Chrx AGAGACAGCCGCATCTTCTTGTGCAGTGCCAGCCTCGTCCCGTAGACAAAATGGTGARGGTCGGTGTGARCGGATTTGGCCGTATTGGGCGCCTGGTCACCAGGGCTGCCATTTGCAGTGGCARAAGTGGAGATTGTTGCCATCAACGACCCCTTCATTGA
Chrs AGAGACAGCCGCATCTTCTTGTGCAGTGCCAGCCTCGTCCCGTAGACARRATGGTGARGGTCGGTGTGARCGGATTTGGCCGTATTGGGCGCCTGGTCACCAGGGCTGCCATTTGCAGTGGCARAAGTGGAGATTGTTGCCATCAACGACCCCTTCATTGA
Chrll AGAGACAGCCGCATCTTCTTGTGCAGTGCCAGCCTCGTCCCGTAGACAAAATGGTGAAGGTCGGTCTGAACGGATTTGCCCGTATTGGGCGCCTGGTCACCAGGGCTGCCATTTGCAGTGGCAAAGTGGAGATTGTTGCCATCAACGACCCCTTCATTGA
Chr2 AGAGACAGCCGCATCTTCTTGTGCAGTGCCAGCCTCGTCCCGTAGACAAAATGGTGAAGGTCGGTGTGAACGGATTTGGCCGTATTGGGCGCCTGGTCACCAGGGCTGCCATTTGCAGTGGCAAAGTGGAGATTGTTGCCATCAACGACCCCTTCATTGA
Chr4-2 AGAGACAGCCGCATCTTCTTGTGCAGTGCCAGCCTCGTCCCGTAGACARARTGGTGARGGTCGGTGTGAACGGATTTGGCCGTATTGGGCGCCTGGTCACCAGGGCTGCCATTTGCAGTGGCARAGTGGAGATTGTTGCCATCAACGACCCCTTCATTGA
Chr4-1 CCTCAACTACATGGTCTACATGTTCCAGTATGACTCCACTCACGGCAAATTCAACGGCACAGTCAAGGCCGAGAATGGGAAGCTTGTCATCAACGGGAAGCCCATCACCATCTTCCAGGAGCGAGACCCCACTARCATCARATGGGGTGAGGCCGGTGCT
Chrils CCTCAACTACATGGTCTACATGTTCCAGTATGACTCCACTCACGGCAAATTCAACGGCACAGTCAAGGCCGAGAATGGGAAGCTTGTCATCARCGGGARGCCCATCACCATCTTCCAGGAGCGAGACCCCACTARCATCAAATGGGGTGAGGCCGGTGCT
MGAPDH CCTCAACTACATGGTCTACATGTTCCAGTATGACTCCACTCACGGCAAATTCAACGGCACAGTCAAGGCCGAGAATGGGAAGCTTGTCATCAACGGGAAGCCCATCACCATCTTCCAGGAGCGAGACCCCACTARCATCAAATGGGGTGAGGCCGGTGCT 320
Chrx CCTCAACTACATGGTCTACATGTTCCAGTATGACTCCACTCACGGCAAATTCAACGGCACAGTCARGGCCGAGAATGGGAAGCTTGTCATCAARCGGGARGCCCATCACCATCTTCCAGGAGCGAGACCCCACTAACATCARATGGGGTGAGGCCGGTGCT
Chr5 CCTCAACTACATGGTCTACATGTTCCAGTATGACTCCACTCACGGCAAATTCAACGGCACAGTCARGGCCGAGAATGGGAAGCTTGTCATCARCGGGARGCCCATCACCATCTTCCAGGAGCGAGACCCCACTAACATCARATGGGGTGAGGCCGGTGCT
Chrll CCTCAACTACATGGTCTACATGTTCCAGTATGACTCCACTCACGGCAAATTCAACGGCACAGTCAAGGCCGAGAATGGGAAGCTTGTCATCARCGGGAAGCCCATCACCATCTTCCAGGAGCGAGACCCCACTAACATCARATGGGGTGAGGCCGGTGET
Chr2 CCTCAACTACATGGTCTACATGTTCCAGTATGACTCCACTCACGGCAAATTCAACGGCACAGTCARGGCCGAGAATGGGAAGCTTGTCATCARCGGGARGCCCATCACCATCTTCCAGGAGCGAGACCCCACTARCATCAAATGGGGTGAGGCCGGTGCT
Chré4-2 CCTCAACTACATGGTCTACATGTTCCAGTATGACTCCACTCACGGCAAATTCAACGGCACAGTCAAGGCCGAGAATGGGAAGCTTGTCATCARCGGGAAGCCCATCACCATCTTCCAGGAGCGAGACCCCACTARCATCAAATGGGGTGAGGCCGGTGCT
Chr4-1 GAGTATGTCGTGGAGTCTACTGGTGTCTTCACCACCATGGAGARGGCCGGGGCCCACTTGAAGGGTGGAGCCARAAGGGTCATCATCTCCGCCCCTTCTGCCGATGCCCCCATGTTTGTGATGGGTGTGAACCACGAGARATATGACARCTCACTCAAGA
Chrl5 GAGTATGTCGTGGAGTCTACTGGTGTCTTCACCACCATGGAGAAGGCCGGGGCCCACTTGAAGGGTGGAGCCARAAGGGTCATCATCTCCGCCCCTTCTGCCGATGCCCCCATGTTTGTGATGGGTGTGAACCACGAGAAATATGACARCTCACTCAAGA
mGAPDH GAGTATGTCGTGGAGTCTACTGGTGTCTTCACCACCATGGAGARGGCCGGGGCCCACTTGAAGGGTGGAGCCARAAGGGTCATCATCTCCGCCCCTTCTGCCGATGCCCCCATGTTTGTGATGGGTGTGAACCACGAGAAATATGACAACTCACTCAAGA 480
ChrX GAGTATGTCGTGGAGTCTACTGGTGTCTTCACCACCATGGAGARGGCCGGGGCCCACTTGAAGGGTGGAGCCARAAGGGTCATCATCTCCGCCCCTTCTGCCGATGCCCCCATGTTTGTGATGGGTGTGAACCACGAGARATATGACARCTCACTCARGA
Chrs GAGTATGTCGTGGAGTCTACTGGTGTCTTCACCACCATGGAGARGGCCGGGGCCCACTTGAAGGGTGGAGCCARAAGGGTCATCATCTCCGCCCCTTCTGCCGATGCCCCCATGATTGTGATGGGTGTGAACCACGAGAAATATGACARCTCACTCAAGA
Chrll GAGTATGTCGTGGAGTCTACTGGTGTCTTCACCACCATGGAGARGGCCGGGGCCCACTTGAAGGGTGGAGCCARAAGGGTCATCATCTCCGCCCCTTCTGCCGATGCCCCCATGTTTGTGATGGGTGTGAACCACGAGARATATGACARCTCACTCARGA
Chr2 GAGTATGTCGTGGAGTCTACTGGTGTCT TCACCACCATGGAGAAGGCCGGEGCCCACTTGAAGGGTGGAGCCARACGGGTCATCATCTCCGCCCCTTCTGCCGATGCCCCCATGTTTGTGATGGGTGTGARCCACGAGAAATATGACAACTCACTCAAGA
Chr4-2 GAGTATGTCGTGGAGTCTACTGGTGTCTTCACCACCATGGAGARGGCCGGGGCCCACTTGAAGGGTGGAGCCAAAAGGGTCATCATCTCCGCCCCTTCTGCCGATGCCCCCATGTTTGTGATGGGTGTGAACCACGAGAAATATGACAACTCACTCAAGA
Chr4-1 TTGTCAGCAATGCATCCTGCACCACCAACTGCTTAGCCCCCCTGGCCAAGGTCATCCATGACARCTTTGGCATTGTGGAAGGGCTCATGACCACAGTCCATGCCATCACTGCCACCCAGARGACTGTGGATGGCCCCTCTGGARAGCTGTGGCGTGATGG
Chrls TTGTCAGCAATGCATCCTGCACCACCAACTGCTTAGCCCCCCTGGCCAAGGTCATCCATGACAACTTTGGCATTGTGGAAGGGCTCATGACCACAGTCCATGCCATCACTGCCACCCAGARGACTGTGGATGGCCCCTCTGGAAAGCTGTGGTGTGATGG
mGAPDH TTGTCAGCAATGCATCCTGCACCACCAACTGCTTAGCCCCCCTGGCCAAGGTCATCCATGACAACTTTGGCATTGTGGARGGGCTCATGACCACAGTCCATGCCATCACTGCCACCCAGARGACTGTGGATGGCCCCTCTGGARAGCTGTGGCGTGATGG 640
ChrX TTGTCAGCAATGCATCCTGCACCACCAACTGCTTAGCCCCCCTGGCCAAGGTCATCCATGACAACTTTGGCATTGTGGARGGGCTCATGACCACAGTCCATGCCATCACTGCCACCCAGARGACTGTGGATGGCCCCTCTGGARAGCTGTGGCGTGATGE
Chr5 TTGTCAGCAATGCATCCTGCACCACCAACTGCTTAGCCCCCCTGGCCAAGGTCATCCATGACARCTTTGGCATTGTGGARGGGCTCATGACCACAGTCCATGCCATCACTGCCACCCAGARGACTGTGGATGGCCCCTCTGGAAAGCTGTGGCGTGATGG
Chrll TTGTCAGCAATGCATCCTGCACCACCAACTGCTTAGCCCCCCTGGCCAAGGTCATCCATGACAACTTTGGCATCGTGGAAGGGCTCATGACCACAGTCCATGCCATCACTGCCACCCAGARAGACTGTGGATGGCCCCTCTGGARAGCTGTGGCGTGATGG
Chr2 TTGTCAGCAATGCATCCTGCACCACCAACTGCTTAGCCCCCCTGGCCAAGGTCATCCATGACAACTTTGGCATTGTGGAAGGGCTCATGACCACAGTCCATGCCATCACTGCCACCCAGAAGACTGTGGATGGCCCCTCTGGARAGCTGTGGCGTGATGG
Chrd4-2 TTGTCAGCAATGCATCCTGCACCACCAACTGCTTAGCCCCCCTGGCCARGGTCATCCATGACAATTTTGGCATTGTGGAAGGGCTCATGACCACAGTCCATGCCATCACTGCCACCCAGARGACTGTGGATGGCCCCTCTGGARAGCTGTGGCGTGATGG
Chrd-1 CCGTGGGGCTGCCCAGAACATCATCCCTGCATCCACTGGTGCTGCCAAGGCTGTGGGCAAGGTCATCCCAGAGCTGAACGGGAAGCTCACTGGCATGGCCTTCCGTGTTCCTACCCCCAATGTGTCCGTCGTGGATCTGACCTGCCGCCTGGAGARACCT
Chrl5s CCGTGGGGCTGCCCAGARCATCATCCCTGCATCCACTGGTGC TGCCAAGGCTGTGGGCAAGGTCATCCCAGAGCTGAACGGGARGCTCACTGGCATGGCCTTCCGTGTTCCTACCCCCARTGTGTCCGTCGTGGATCTGACGTGCCGLL! GAAACCT
mGAPDH CCGTGGGGCTGCCCAGAACATCATCCCTGCATCCACTGGTGCTGCCAAGGCTGTGGGCARGGTCATCCCAGAGCTGAACGGGAAGCTCACTGGCATGGCCTTCCGTGTTCCTACCCCCAATGTGTCCGTCGTGGATCTGACGTGCCGCCTGGAGARACCT 800
Chrx CCGTGGGGCTGCCCAGARCATCATCCCTGCATCCACTGGTGCTGCCAAGGCTGTGGGCAAGGTCATCCCAGAGCTGAACGGGARGCTCACTGGCATGGCCTTCCGTGTTCCTACCCCCARTGTGTCCGTCGTGGATCTGACGTGCCGCCTGGAGAAACCT
Chr5 CCGTGGGGCTGCCCAGARCATCATCCCTGCATCCACTGGTGCTGCCAAGGCTGTGGGCAAGGTCATCCCAGAGCTGARCGGGARGCTCACTGGCATGGCCTTCCGTGTTCCTACCCCCAATGTGTCCGTCGTGGATCTGACGTGCCGCCTGGAGARACCT
Chrll CCGTGGGGCTGCCCAGARCATCATCCCTGCATCCACTGGTGCTGCCARGGCTGTGGGCAAGGTCATCCCAGAGCTGAACGGGARGCTCACTGGCATGGCCTTCCGTGTTCCTACCCCCARTGTGTCCGTCGTGGATCTGACGTGCCGCCTGGAGARACCT
Chr2 CCGTGGGGCTGCCCAGARCATCATCCCTGCATCCACTGGTGC TGCCAAGGCTGTGGGCAAGGTCATCCCAGAGCTGARCGGGARGCTCACTGGCATGGCCTTCCGTGTTCCTACCCCCARTGTGTCCGTCGTGGATCTGACGTGCCGCCTGGAGARACCT
Chrd-2 CCGTGGGGCTGCCCAGAACATCATCCCTGCATCCACTGGTGCTGCCAAGGCTGTGGGCAAGGTCATCCCAGAGCTGAACGGGAAGCTCACTGGCATGGCCTTCCGTGTTCCTACCCCCAATGTGTCCGTCGTGGATCTGACGTGCCGCCTGGAGARACCT
Chr4-1 GCCAAGTATGATGACATCAAGAAGGTGGTGAAGCAGGCATCTGAGGGCCCACTGARGGGCATCTTGGGCTACACTGAGGACCAGGTTGTCTCCTGCGACTTCAACAGCAACTCCCACTCTTCCACCTTCGATGCCGGGGCTGGCATTGCTCTCAATGACA
Chrl5 GCCAAGTATGATGACATCAAGAAGGTGGTGAAGCAGGCATCTGAGGGCCCACTGAAGGGCATCTTGGGCTACACTGAGGACCAGGTTGTCTCCTGCGACTTCAACAGCAACTCCCACTCTTCCACCTTCGATGCCGGGGCTGGCATTGCTCTCAATGACA
mGAPDH GCCARGTATGATGACATCAAGAAGGTGGTGAAGCAGGCATCTGAGGGCCCACTGAAGGGCATCT TGGGCTACACTGAGGACCAGGTTGTCTCCTGCGACTTCAACAGCAACTCCCACTCTTCCACCTTCGATGCCGGGGCTGGCATTGCTCTCAATGACA 960
Chrx GCCAAGGATGATGACATCAAGAAGGTGGTGAAGCAGGCATCTGAGGGCCCACTGAAGGGCATCTTGGGCTACACTGAGGACCAGGTTGTCTCCTGCGACTTCAACAGCAACTCCCACTCTTCCACCTTCGATGCCGGGGCTGGCATTGCTCTCARTGACA
Chrs GCCAAGTATGATGACATCAAGAAGGTGGTGAAGCAGGCATCTGAGGGCCCACTGAAGGGCATCTTGGGCTACACTGAGGACCAGGTTGTCTCCTGCGACTTCAACAGCAACTCCCACTCTTCCACCTTCGATGCCGGGGCTGGCATTGCTCTCAATGACA
Chrll GCCAAGTATGATGACATCAAGARGGTGGTGARGCAGGCATCTGAGGGCCCACTGARGGGCATCTTGGECTACACTGAGGACCAGGTTGTCTCCTGCGACTTCAACAGCAACTCCCACTCTTCCACCTTCGATGCCGGGGCTGGCATTGCTCTCAATGACA
Chr2 GCCAAGTATGATGACATCAAGAAGGTGGTGAAGCAGGCATCTGAGGGCCCACTGAAGGGCATCTTGGGCTACACTGAGGACCAGGTTGTCTCCTGCGACTTCAACAGCAACTCCCACTCTTCCACCTTCGATGCCGGGGCTGGCATTGCTCTCAATGACA
Chr4-2 GCCARGTATGATGACATCAAGAAGGTGGTGAAGCAGGCATCTGAGGGCCCACTGARGGGCATCTTGGGCTACACTGAGGACCAGGTTGTCTCCTGCGACTTCAACAGCAACTCCCACTCTTCCACCTTCGATGCCGGGGCTGGCATTGCTCTCARTGACA
Chrd-1 ACTTTGTCAAGCTCATTTCCTGGTATGACAATGAATACGGCTACAGCAACAGGGTGGTGGACCTCATGGCCTACATGGCCTCCARGGAGTARGARACCCTGGACCACCCACCCCAGCARGGACACTGAGCAAG, CCTATCCCAACTCGGCCCC
Chrls ACTTTGTCAAGCTCATTTCCTGGTATGACAATGAATACGGCTACAGCAACAGGGTGGTGGACCTCATGGCCTACATGGCCTCCAAGGAGTAAGARACCCTGGACCACCCACCCCAGCAAGGACACTGAGCAAGAGAGAGGCCCTATCCCAACTCGGCCCC
mGAPDH ACTTTGTCAAGCTCATTTCCTGGTATGACAATGAATACGGCTACAGCAACAGGGTGGTGGACCTCATGGCCTACATGGCCTCCAAGGAGTARGAAACCCTGGACCACCCACCCCAGCAAGGACACTGAGCAAGAGAG--GCCCTATCCCAACTCGGCCCC 1120
ChrX ACTTTGTCAAGCTCATTTCCTGGTATGACAATGAATACGGCTACAGCAACAGGGTGGTGGACCTCATGGCCTACATGGCCTCCAAGGAGTAAGAAACCCTGGACCACCCACCCCAGCARGGACACTGAGCAAGAGAGAGGCCCTATCCCAACTCGGCCCC
Chrs ACTTTGTCAAGCTCATTTCCTGGTATGACAATGAATACGGCTACAGCAACAGGGTGGTGGACCTCATGGCCTACATGGCCTCCARGGAGTARGAAACCCTGGACCACCCACCCCAGCARGGACACTGAGCAAGAGAG=-GCCCTATCCCAACTCGGCCCC
Chrll ACTTTGTCAAGCTCATTTCCTGGTATGACAATGAATACGGCTACAGCAACAGGGTGGTGGACCTCATGGCCTACATGGCCTCCARGGAGTAAGRAACCCTGGACCACCCACCCCAGCARGGACACTGAGCAAGAGAG--GCCCTATCCCAACTCGGCCCC
Chr2 ACTTTGTCAAGCTCATTTCCTGGTATGACAATGAATACGGCTACAGCAACAGGGTGGTGGACCTCATGGCCTACATGGCCTCCAAGGAGTAAGARACCCTGGACCACCCACCCCAGCARAGGACACTGAGCAAGAGA--GGCCCTATCCCAACTCGGCCCC
Chr4-2 ACTTTGTCAAGCTCATTTCCTGGTATGACAATGAATACGGCTACAGCAACAGGGTGGTGGACCTCATGGCCTACATGGCCTCCARGGAGTARGRARCCCTGGACCACCCACCCCAGCARGGACACTGAGCAARGAGARAGGCCCTATCCCARCTCGGCCCC
Chr4-1 CAACACTGAGCATCTCCCTCACAATTTCCATCCCAGACCCCCATAATAACAGGAGGGGCCTAGGGAGCCCTCCCTACTCTCTTGAATACCATCAATARAGTTCGCTGCACCCA-

Chrls CAACACTGAGCATCTCCCTCACAATTTCCATCCCAGACCCCCATAATAACAGGAGGGGCCTAGGGAGCCCTCCCTACTCTCTTGAATACCATCAATAAAGTTCGCTGCACCCA=

mGAPDH CAACACTGAGCATCTCCCTCACAATTTCCATCCCAGACCCCCATAATAACAGGAGGGGCCTAGGGAGCCCTCCCTACTCTCTTGARTACCATCRAATAARGTTCGCTGCACCCAC 1232

Chrx CAACACTGAGCATCTCCCTCACAATTTCCATCCCAGACCCCCATAATAACAGGAGGGGCCTAGGGAGCCCTCCCTACTCTCTTGAATACCATCAATAAAGTTCGCTGCACCCAC

Chrs CAACACTGAGCATCTCCCTCACAATTTCCATCCCAGACCCCCATARTAACAGGAGGGGCCTAGGGAGCCCTCCCTACTCTCTTGAATACCATCAATAAAGTTCGCTGCACCCA-

Chrll CAACACTGAGCATCTCCCTCACAATTTCCATCCCAGACCCCCATAATAACAGGAGGGGCCTAGGGAGCCCTCCCTACTCTCTTGAATACCATCAATAAAGTTCGCTGCACCCA-

Chr2 CAACACTGAGCATCTCCCTCACAATTTCCATCCCAGACCCCCATAATAACAGGAGGGGCCTAGGGAGCCCTCCCTACTCTCTTGARTACCATCAATAAAGTTCGCTGCACCCA-

Chr4-2 CAACACTGAGCATCTCCCTCACAATTTCCATCCCAGACCCCCATAATAACAGGAGGGGCCTAGGGAGCCCTCCCTACTCTCTTGAATACCATCAATAAAGTTCGCTGCACCCA~

Figure 6. Alignment of the mouse Gapdh mRNA with seven PGs that are the best homologous to the Gapdh mRNA shows that
these PGs are almost identical to the Gapdh with only several mismatches. No region of the Gapdh can be used as a primer that can

significantly discriminate against any of the PGs.
doi:10.1371/journal.pone.0041659.g006

among different cell lines for our ACTB and GAPDH primers and
why our ACTB primers, both of which locate at the same exon
(exon 6), seem to amplify cDNA samples more easily than gDNA
samples (Fig. 7A). PCR results of the ACTB (Actb) and GAPDH
(Gapdh) shown in the literature, including those from us
previously, may not be specific if evaluated horizontally. Indeed,
we randomly performed bioinformatic analyses of quite a few
PCR primers of these genes reported in the three most prestigious
journals, i.e. Nature, Science and Cell; without exception, all those
primers match well and amplify the corresponding PGs by insilico
PCR. Whether or not the previously published RT-PCR results
that involve these genes (especially the Gapdh) as the reference
need to be reevaluated or reinterpreted is an uncomfortable but
unavoidable question, and should be left to the corresponding
authors to decide accordingly.

An additional reason to abandon ACTB is that the DNA
fragment amplified by our primer pair, which is the only one we
can find in consideration of the specificity horizontally, is only 246-
bp long (table 2). This size may be suitable for real-time RT-PCR
but is too short to sensitively reflect a difference in the copy
numbers of the ACTB mRNA, if the RT-PCR products are
evaluated by visualization in an agarose gel, because it requires
more copies of a small DNA fragment to reach a visible amount of
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nucleotides in a gel. For instance, one more copy of a 246-bp
double-stranded DNA fragment only adds 492 nucleotides in the
gel, which is not as visible as one more copy of a 1-kb DNA
fragment that adds 2,000 nucleotides. For this technical reason, we
usually set, if possible, primer pairs to amplify DNA fragments of
400-700 bp and to minimize the difference in the fragment sizes
between the reference gene and the interested gene.

In summary, in this study we provide bioinformatic data
showing that the genes encoding B-actin and glyceraldehyde-3-
phosphate dehydrogenase have many PGs in the human and
mouse genomes. These PGs may affect the fidelity of ACTB (Actb)
or GAPDH (Gapdh) as a reference in RT-PCR by their genomic
DNA or, if some of them are expressed, by their RNA transcript,
because a large copy number in the genome may amplify the
artifact derived from genomic DNA residual in the RNA sample
during PCR whereas their RNA transcript may contribute to the
yield of RT-PCR. We suggest to peers to forgo these genes,
especially the Gapdh, as a reference in RT-PCR or, if there is no
suitable surrogate, to use with extra caution our primers and PCR
conditions provided herein that may better avoid mis-priming
PGs, relative to most primers described in the literature. We also
propose an SOP in which design of primers for RT-PCR starts
from avoiding mis-priming PGs and all primers need be tested
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Figure 7. Determination of the primer specificity for PCR both vertically and horizontally. A-C: gDNA (G) and ¢cDNA (C) samples from a
panel of human cell lines (described in materials and methods) were amplified by PCR with conditions of initial denature at 95°C for 5 min and 40
cycles of melting at 95°C for 30 sec, primer-annealing at 58°C for 30 sec, and elongating at 72°C for 30 sec. The reaction was determined at 72°C for
10 min. M is molecular weight marker. D and E: gDNA (G) and cDNA (C) samples from M8 and ND5 mouse cell lines were amplified by PCR under the
conditions described above. Stars indicate the authentic Actb cDNA band whereas arrows indicate its counterpart from gDNA samples.

doi:10.1371/journal.pone.0041659.g007

with not only cDNA but also gDNA to ensure their specificity both
vertically and horizontally.

Supporting Information

Figure S1 ACTB, Actb, GADPH, Gadph, HPRT1 and Hprt
mRNA sequences pulled out from the NCBI database that
presents all mRNA as DNA sequence, i.e. with thymine replacing
uracil.

(DOC)

Figure 82 Putative PGs of the ACTB identified by Blat search
using the ACTB mRNA sequence (after deletion of the poly-A
tail). The top sequence that has 100% identity to the bait is the
authentic ACTB gene on chromosome 7. The six genomic DNA
fragments that have the highest scores to the bait were used in the
alignment with the bait sequence shown in figure 3.

(DOC)

Figure 83 Putative PGs of the Actb identified by Blat search
using the Actb mRNA sequence. The top sequence that has 100%
identity to the bait is the authentic Actb gene on mouse
chromosome 5. The six genomic DNA fragments in the red box
that have the highest scores to the bait were used in the alignment
with the bait sequence shown in figure 4.

(DOC)
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Figure 84 Putative PGs of the GAPDH identified by Blat search
using the GAPDH mRNA sequence (after deletion of the poly-A
tail). The top sequence that has 100% identity to the bait is the
authentic GAPDH gene on human chromosome 12. The seven
genomic DNA fragments in the red box that have the highest
scores to the bait were used in the alignment with the bait
sequence shown in figure 5.

(DOC)

Figure S5 Putative PGs of the Gapdh identified by Blat search
using the Gapdh mRINA sequence (after deletion of the poly-A
tail). The top sequence that has 100% identity to the bait is the
authentic Gapdh gene on the mouse chromosome 7. The seven
genomic DNA fragments in the red box that have the highest
scores to the bait were used in the alignment with the bait

sequence shown in figure 6.
DOC)
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