Protein multiplicity can lead to misconduct in western blotting and misinterpretation of
immunohistochemical staining results, creating much conflicting data
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Abstract

Western blotting (WB) and immunohistochemical staining (IHC) are common techniques for
determining tissue protein expression. Both techniques require a primary antibody specific for
the protein in question. WB data is band(s) on a membrane while IHC result is a staining on a
tissue section. Most human genes are known to produce multiple protein isoforms; in agreement
with that, multiple bands are often found on the WB membrane. However, a common but
unspoken practice in WB is to cut away the extra band(s) and present for publication only the
band of interest, which implies to the readers that only one form of protein is expressed and thus
the data interpretation is straightforward. Similarly, few IHC studies discuss whether the
antibody used is isoform-specific and whether the positive staining is derived from only one
isoform. Currently, there is no reliable technique to determine the isoform-specificity of an
antibody, especially for IHC. Therefore, cutting away extra band(s) on the membrane usually is a
form of misconduct in WB, and a positive staining in IHC only indicates the presence of protein
product(s) of the to-be-interrogated gene, and not necessarily the presence of the isoform of
interest. We suggest that data of WB and IHC involving only one antibody should not be
published and that relevant reports should discuss whether there may be protein multiplicity and
whether the antibody used is isoform-specific. Hopefully, techniques will soon emerge that allow
determination of not only the presence of protein products of genes but also the isoforms

expressed.
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Introduction

Western blotting (WB), also called immunoblotting, has been a commonly used technique for
the determination and semi-quantitation of protein expression in cells or tissues since H. Towbin
et al described it in 1979 (Towbin et al. 1992;Towbin et al. 1979). In WB, protein samples,
which usually are the soluble components of cell or tissue lysates and are denatured by boiling,
are fractioned using electrophoresis in SDS (sodium dodecyl sulfate, sodium salt) containing
polyacrylamide gel (SDS-PAGE) and are then transferred onto a membrane, followed by
identification of the protein in question using a specific antibody. The name of WB was given by
W. Neal Burnette in 1981 (Burnette 1981), because transferring DNA onto a membrane was
described by Edwin Southern in 1975 and thus named as Southern blotting (Southern
2015;Southern 1975), and because later transferring RNA onto a membrane was referred to as
Northern blotting.

Immunocytochemical staining or immunohistochemical staining (IHC), a century-old
technique (Matos et al. 2010;Gosselin et al. 1986), is also very commonly used for the
determination of protein expression in isolated cells or in tissues, respectively. In IHC, a tissue
usually has been fixed with formalin, embedded in paraffin, and cut to a thin (usually 5-6 pm)
section. After the section has been mounted onto a glass slide, deparaffinized and run through
many other steps of tissue processing, the protein of interest in the section will be identified
using an antibody specific to it. An enzyme-coupled secondary antibody is used to recognize the
primary antibody so that the enzyme can oxidize a chemical applied onto the section and convert
the chemical to a colored one (so-called staining).

One strength of WB is that a protein is recognized by a specific antibody as a band at a
certain position on the membrane. The position is calibrated as a molecular weight of a protein in
kilo-Dalton (kD). If a band appears at a position on the membrane too far away from the position
expected from the theoretical molecular mass (TMM) of the protein in question, it is often
considered as a nonspecific protein. For instance, p53 protein has a TMM of 53 kD and thus a
band at a position far from 53 kD, say 73 kD, should be questioned for its authenticity. The
biggest weakness of WB is that it does not provide information on the tissue- and subcellular-
locations of the identified protein. This is because all the different proteins from many different
cells in the same tissue have been mixed together and then stratified via electrophoresis

according to their molecular weights before the primary antibody is applied to identify the



specific protein. In contrast, IHC can localize the protein in the tissue and even inside the cell.
However, IHC does not allow us to distinguish nonspecific protein(s) from the true one predicted
by the TMM of the to-be-interrogated protein. Because of these strengths and weaknesses of
these two techniques, they are usually used together, so that one can correct the weakness of the
other. For decades, these two methods have been used as a golden pair in biomedical research
and have provided us with a huge amount of useful information about functions and mechanisms
of many genes by determination of their protein products. However, with the quick accumulation
of knowledge of molecular biology in the past couple of decades, we have gained the basic
concept that most genes, especially those in the human genome, are expressed to multiple protein
isoforms via many mechanisms. We should therefore revisit our WB procedure and our

interpretations of IHC data.

Most human genes utilize many mechanisms to produce multiple protein isoforms

Most genes in the human genome can use alternative initiation sites and/or alternative
termination sites for transcription to produce different RNA transcripts that differ from each
other in the 5* or 3’ sequence (Fig 1), usually to meet different functional needs in different
developmental, physiological and pathological situations. Reliable estimation on how many
genes in the human genome can do so is still lacking. The ENCODE project has estimated that
transcripts from 65%, or about two-thirds of the human genes, in most cases of two neighboring
genes on the same chromosome, form chimeric RNAs (Birney et al. 2007), as exemplified by the
TSNAX-DISC1 chimera illustrated in figure 2. The ENCODE project did not give any
information of how those chimeras, containing sequences of two neighboring genes, are formed,
but we suspect that the majority of them are formed via cis-splicing of a single RNA molecule
produced by reading from the upstream gene to the downstream one during transcription (Peng et
al. 2015;Yang et al. 2013;Xie et al. 2016). This conjecture actually infers that transcription of
nearly two-thirds of the human genes may be able to use an alternative termination site
downstream of the annotated one, although some studies show that probably only 6-10% of
drosophila genes do so (Dunn et al. 2013;Jungreis et al. 2011).

Over 95% of the genes in the human genome consist of exons and introns, and, as
exemplified by the DISC1 gene (Fig 2), 95% of these exon-intron containing genes undergo

alternative cis-splicing to produce different mRNA variants in different situations, and even in



the same cell and under the same condition (Jia et al. 2015). Moreover, translation of one single
MRNA may use different start codons or stop codons to produce different protein isoforms that
differ from each other in their N- or C-terminal region. More complicatedly, one single mRNA
may be translated from different open reading frames (ORF) to different proteins, i.e. proteins
that are not related to each other, as described in more detail previously with good examples (Jia
et al. 2015).

It is worth mentioning that a single complementary DNA (cDNA) inserted into an expression
vector may still be translated to different protein isoform(s) (Sun et al. 2013) or even protein(s)
completely different from the cDNA-encoded one. This is because the 5’ region of the insert and
its nearby vector sequence may constitute a new 5’ untranslated region (5’UTR), as illustrated in
figure 3, which may change the leader (Malys and McCarthy 2011;Laursen et al. 2005), Kozak
(Kozak 2005;Kozak 2006;Kozak 2007;Kozak 2007), or Shine-Dalgarno sequence (Beck et al.
2016;Malys and McCarthy 2011;Sugiura 2014) or may make the 5’UTR leaderless (less than 10
nucleotides) ( (Richman et al. 2014;Moll et al. 2002), depending on the translation system used.
Sometimes, the cDNA-vector recombination creates a short upstream ORF (UORF) or a
completely new ORF or selects a new start codon in the cDNA for translation (Arsenault et al.
2014;Tholen et al. 2014;Sondo et al. 2014;Song et al. 2003;Janes et al. 2012). In general, we still
know too little about translation of RNA to protein, as evidenced by the fact that there are still a
large number of annotated genes the protein products of which have not yet been identified by a
proteomic approach or any other technique (Jia et al. 2015;Ezkurdia et al. 2014;Kim et al.
2014;Wilhelm et al. 2014;Reddy et al. 2015).

Because of the above-described and some other unmentioned mechanisms, in most cases a
gene can produce different protein isoforms, occurring more often in different cells or tissues and
in different developmental, physiological and pathological situations but also occurring in the
same cell or tissue and in the same situation. Unfortunately, a good estimation on how many
genes in the human genome can produce how many protein isoforms is still lacking, due to the
unavailability of a reliable technology. One of us has recently shown that two-thirds to three-
fourths of the proteins from HEK293 human embryonic kidney cells do not migrate in SDS-
PAGE as expected from their TMMs, suggesting that these proteins may be additional isoform(s)
with their wild type (WT) protein existing somewhere else in the SDS-PAGE. In other words,



two-thirds or three-fourths of the human genes produce at least one additional isoform besides
the WT protein (Zhang et al. 2014).

In WB, presenting only one band can be a form of misconduct and will likely mislead
Although in most cases a gene is expressed to multiple protein isoforms, most publications
reporting WB data present only one single band on the membrane. Certainly, in some cells or
tissues or in some situations, the gene of interest is indeed expressed to only a single form of
protein. However, much more often there are actually additional band(s) on the membrane, as
one of us has shown for estrogen receptor alpha (Bollig-Fischer et al. 2012;Liao et al. 1998),
progesterone receptor (Liao et al. 1998), cyclin E (Liao et al. 2000), CDK4 (Sun et al. 2013),
RSK4 (Sun et al. 2013), SMARCA-2 (Yang et al. 2011), etc. A common but unspoken practice
is that the extra band or bands are assumed to be nonspecific, usually just because they appear at
unexpected positions of the SDS-PAGE, and thus are cut away to simplify the data interpretation.
The extra band(s) are still removed even when they are also recognized by an additional antibody
that targets a different region of the protein sequence. It goes without saying that presenting only
the band of interest implies to the readers that only this form of protein is expressed in the tissue.
In many other cases, although there is only a single band on the membrane, it is not because
the gene is expressed only to a single form of protein, but, rather, it is because the antibody used
can recognize only this protein isoform. Indeed, probably all antibody producing companies have
received numerous complaints for selling antibodies which are “not specific enough”. To avoid
such allegations, companies try hard to select and market those antibodies that only recognize a
single band on WB, while researchers also choose such “more specific” antibodies, making them
dominant in the literature. This alliance between antibody suppliers and researchers will likely
serve as a “natural selection” to extinguish those antibodies that can react to more isoforms, and
thus have a profound but adverse impact on biomedical research. In our meditation, many of
those antibodies that give rise to multiple bands on WB may not be bad ones and may provide us

with a better global picture of the gene in question.

IHC data is often partly misinterpreted, as it does not address protein multiplicity
Realizing the importance of antibody specificity, many researchers use WB data to endorse

the specificity of the antibody used in IHC. However, in most cases WB detects denatured



proteins as it is often carried out using SDS-PAGE after boiling of the protein samples, whereas
in IHC proteins usually remain in a conformation close to a native status, due to a quick fixation
by formalin. Because of this difference between the two techniques, the same protein may or
may not have the same conformation in SDS-PAGE and in the paraffin section that is usually
used in IHC, and thus the same antibody may or may not recognize the same protein isoform(s)
in WB and in IHC. In other words, WB data may not be able to endorse the antibody specificity
for IHC. Sometimes, WB is performed using a native polyacrylamide gel in the absence of SDS
and without boiling of the protein sample. This so-called “native WB” usually gives rise to more
bands on the membrane than denatured WB, according to our experience, making the resultant
data more difficult to interpret. Actually, often, even though the primary antibody has already
detected multiple bands in WB, it is still used for IHC. During preparation of this perspective
article, we randomly inquired of peers, most of them in the US, whether, when performing IHC,
they knew how many protein isoforms their target genes might produce and what similarity and
disparity were among these isoforms in terms of protein sequence. Unfortunately, most of them
did not have such information albeit they kept publishing IHC data. Some researchers may know
that the to-be-interrogated gene can produce multiple proteins, but they assume, without any
solid proof, that the antibody used recognizes solely the isoform of their interest, usually the WT
form, and thus comfortably ascribe all the observed functions of the gene solely to it without
discussing any possible contribution from other isoforms.

In our opinion, a good technical approach is still needed to determine isoform-specificity of
antibodies for IHC. Use of the same synthetic peptide that was used to immunize animals for
antibody development to pre-block the to-be-stained section is a relatively good test for the
antibody specificity. However, this approach still has weaknesses, in part because the short
peptide may have different conformations, and thus may pre-block different isoform(s), when it
is applied onto the section and when it is administered into an animal to immunize it. Therefore,
it is still impossible to completely interpret correctly IHC data produced by most commercially
available antibodies. In a well-conducted IHC with all proper controls, properly unmasked
antigens, and optimal concentrations of the primary and secondary antibodies, a positive staining
can be interpreted as the presence of protein product(s) of the gene in question, and any
conclusion beyond this may mislead. Only for those well-characterized protein isoforms of those

well-studied genes with those primary antibodies well-confirmed for isoform-specificity, should



a positive staining mean the presence of the isoform of interest. Unfortunately, there are very few
such genes among the 20,000 genes in the human genome (Jia et al. 2015;Zhang et al. 2014),
while for the vast majority of the human genes such primary antibodies are lacking. This
unsolved technical bottleneck greatly diminishes the power of IHC in the exploration of
functions and mechanisms of genes, meaning that many studies involving IHC may partly
misinterpret, usually overgeneralizing, the data by leaving out the discussion of protein

multiplicity.

Conflicting data on functions of genes are omnipresent, partly due to protein multiplicity

It had been known decades ago that some genes produced more than one protein isoform, but
then these genes were considered exceptions from the majority in the human genome. The
technique of cloning and amplifying DNA in bacteria emerged in 1973 (Cohen et al. 1973;Cohen
2013). Because a new technology for the development of monoclonal antibodies emerged in
1975 (Alkan 2004;Liu 2014;Kohler and Milstein 1975), even before the emergence of WB, the
uses of IHC and WB have been swiftly spread to every newly cloned gene in the past 40 years or
so. Owing to advances in these technologies, our knowledge about functions and mechanisms of
genes has quickly accumulated, especially since DNA sequencing technology had been
dramatically improved and widely used over the last two decades. However, most of those genes
that have been well characterized for their functions without much conflict in the literature are
those that are expressed to a dominant protein, usually annotated as the WT form, in terms of
both abundance (expression level) and function. For example, the human insulin gene (Gene ID:
3630) only has one form of protein listed in the NCBI (National Center for Biotechnology
Information of the US), albeit it is expressed to four mRNA variants that differ from each other
at the 5’UTR. Likely, the insulin gene is mainly controlled at the levels of transcription and
translation, but is not controlled via protein multiplicity. Even if there may exist some other
protein isoform(s) that have not yet been identified, their expression levels are likely low and
their functions may be easily overridden by the WT insulin. For this type of gene, WB and IHC
have provided us with useful detail about their functions and mechanisms with relatively little
confusion. However, it is unimpeachable that perplexity about functions of more and more genes
had also started to soar two decades ago, and there now exist, ubiquitously, contradictory data

and ensuing bafflement, on genes’ functions in the biomedical literature. For most genes, there is



a plethora of data supporting one function but concomitantly there also is plentiful data opposing
it. Because of these omnipresent pros and cons, saying “on one hand... but on the other hand...”
has become a standard and safe way of describing functions of genes.

The reasons for why there are only as few as 20,000 genes in the human genome are multiple,
including mRNA and protein multiplicities that allow the genome to be much smaller than our
previous expectation but in the meantime require that most genes have many different and even
opposite functions, as one of us has previously expounded (Lou et al. 2014;Yuan et al. 2012;Jia
et al. 2015;Wang et al. 2016). For instance, the short isoform of the Bcl-X gene, i.e. Bcl-xS,
functions to induce cell death whereas the longer isoform, i.e. Bcl-xL, functions to sustain cell
survival (Yuan et al. 2012). In contrast, a shorter isoform of the FANCL gene enhances cell
survival while a longer one prods cell death (Yuan et al. 2012;Zhang et al. 2010). Even different
subcellular locations of a protein may have opposite functions. For example, in its location at the
inner membrane of mitochondria, cytochrome ¢ functions to power the cell and thus to sustain
the cell’s life by participating in ATP production, but, when it relocates to the cytosol in a
stressed situation, it triggers stress-induced cell death that is widely mistaken as apoptosis (Liao
and Dickson 2003;Liao 2005;Liu et al. 2013;Zhang et al. 2014;Wang et al. 2016).

In our rumination, the ubiquitous existence of conflicting data, and the ensuing bewilderment,
on genes’ functions may be largely attributed to our misconduct of WB and our overgeneralized
interpretation on IHC data. In some studies some isoforms are detected while in other studies
other isoforms with different or even opposite functions are detected. Conclusions should be
drawn on the isoforms detected and should not be drawn onto the gene, but, unfortunately, the
“shouldn’t” has occurred in too many publications. Indeed, many researchers regard the
functions of the isoform(s) detected in their systems as the functions of the gene. Because for
many genes their WT proteins are not absolutely dominant over other isoforms, in terms of the
abundance and function, the heterogeneous expression of, and their proportions among, different
isoforms in different cells or tissues or in different situations greatly contribute to the

ubiquitously existing pros and cons.

Concluding remarks
It may be fine to report WB data as a narrow band in publications to save space, but

information should be provided about whether there are additional bands on the membrane and



whether the antibody used is isoform-specific. Unfortunately, cutting away of the additional
band(s) on the membrane and presenting only a single band without providing such information
have become a common practice in WB, and thus is a form of misconduct. A positive IHC
staining only indicates the presence of protein product(s) of the gene in question, but which
isoform(s) are expressed remains unknown in most cases. Until we are able to determine
isoform-specificity of antibodies for IHC, the role of IHC in exploration of functions and
mechanisms of genes remains limited. This is because most genes whose functions remain to be
determined are those that have multiple protein isoforms but lack an absolutely dominant one.
When summarizing a research report, results from IHC should be interpreted with extra caution
and information about protein multiplicity and about the isoform-specificity of the antibody used
should be provided and discussed. In general, journals should not publish those WB and IHC
results using only one antibody or several antibodies that target to the same region or similar
regions of the protein sequence. Also importantly, researchers should equip themselves with the
knowledge of the protein multiplicity of the to-be-interrogated gene in particular, and the
knowledge of antibody epitope in general. Hopefully, the whole biomedical fraternity, i.e. both
antibody suppliers and researchers, will realize the value of some antibodies that recognize
multiple bands on WB membranes, and hopefully there will soon be new techniques available to
overcome some technical bottlenecks and to allow determination of not only whether a gene is

expressed but also which isoforms are expressed.
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Figure legends

Fig. 1: lllustration of alternative transcription, splicing and translation of a gene. A: A gene may
have two additional transcription initiation sites (the 2nd and 3rd arrows) besides the common
one (the 1st arrow) and two additional transcription termination sites (black dots) besides the
common one. The common transcript, usually annotated as the wide type one, consists of five
exons. B: The three initiation sites and three termination sites may together result in nine RNA
transcripts (long arrows). C: The nine transcripts may be cis-spliced differently to produce many
different mature mMRNAs and even non-coding RNAs, several of which are illustrated as
examples, such as the one with only exons 1, 4 and 5. Translation of some of these MRNAs may
be initiated at an alternative start codon (ATG or CTG) or may be terminated at an alternative
stop codon (TAA or TGA), resulting in different protein isoforms. “T” but not “U” is used herein
so as to be consistent with the NCBI (National Center for Biotechnology Information of the US)
database that presents mMRNAs as DNA sequences. These alternative mechanisms at the levels of

transcription, splicing and translation allow a gene to produce many different protein isoforms.

Fig. 2: Human TSNAX-DISC1 chimeras as examples of chimeric RNAs formed by two
neighboring genes on the same chromosome. A and B: Images copied from the NCBI database
show the DISC1 gene (long red arrow in A) with the TSNAX gene (a grey arrow) at its 5° side
and the TSNAX-DISC1 chimeric gene (the long red arrow in B) on human chromosome 1. There
are many other coding or non-coding genes in this chromosomal region indicated by grey arrows.
The arrows pointing to the opposite directions indicate that the genes are harbored by, i.e. are
transcribed from, the opposite strands of the DNA double helix. C: An image copied from the
NCBI database shows eight TSNAX-DISC1 chimeric RNAs, one TSNAX RNA, and 23 DISC1
RNAs (in the red circles) besides RNAs of other genes. In each of these RNAs, as illustrated in
an enlarged area (from the purple circle), the bars indicate exons while the horizontal lines
indicate introns, with the size of the bars and the length of the lines in proportion to their lengths

in the number of nucleotides.

Fig 3: Illustration of how the sequence around the joining site between the vector and the 5’ end
of the cDNA insert may unexpectedly impact the translation of the cDNA. When a cDNA (long

black arrow) is inserted into an expression vector (grey bars), the 5’ end of the cDNA and its
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nearby vector sequence may together create a short UORF or may alter the translation-regulatory
element, such as the Kozak or Shine-Dalgarno sequence that may or may not overlap with the
UORF. As a result, the translation efficiency may be affected or the translation machinery may

skip the annotated ATG and select a different start codon, such as a downstream “atg” or “ctg”.
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