that of TRPV1 (another putative target
molecule in mitigating itch) and, fur-
thermore, because certain skin sensi-
tizing, TRPV3-activating agents (e.g.,
camphor) may also act on TRPV1 (Xu et
al., 2005), it is proposed that combined
approaches targeting both TRPV1 and
TRPV3 may prove advantageous in the
management of pruritus.
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Selection and Validation of
Candidate Housekeeping Genes for
Studies of Human Keratinocytes—
Review and Recommendations

Michael Bar', Dorit Bar*> and Bodo Lehmann’

Gene expression analysis using real-time PCR has become an integral part of
biomedical research. Appropriate data normalization based on stably expressed
housekeeping genes is crucial for reliable results. Thus, candidate housekeeping
genes require careful evaluation with regard to the individual experimental sys-
tem before being selected for studies of human keratinocytes. Future research
may be based on published data, as provided by Minner and Poumay in this issue.
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Transcriptional regulation is an important
factor in cellular responses. As a conse-
quence, analysis of gene expression pro-
files has become an integral part of bio-
medical research, including the field of
dermatology. Currently, real-time quan-
titative reverse transcription PCR (qPCR)
is the method of choice for specific and
highly sensitive expression profiling of
selected groups of target genes. Despite
being a powerful technique, qPCR suf-
fers from certain pitfalls, with inappro-
priate data normalization remaining one

of its most important problems. To date,
the use of so-called housekeeping genes
(HKGs) is the gold standard by which to
normalize the mRNA fractions of inter-
est. Usually, these HKGs are among the
cellular maintenance genes that regulate
basic and ubiquitous cellular functions or
code for components of the cytoskeleton
(B-actin), major histocompatibility com-
plex (B,-microglobulin, B2M), glycolytic
pathway  (glyceraldehyde-3-phosphate
dehydrogenase, GAPDH, and phos-
phoglycerokinase 1, PGK1), metabolic
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salvage of nucleotides (hypoxanthine
ribosyltransferase, HPRT), protein fold-
ing (cyclophilin A, CPA), or synthesis of
ribosome subunits (rRNAs), and their
expression is presumed to be relatively
stable. Thus, an ideal internal control
gene should be uniformly expressed
during all environmental or experimen-
tal conditions in the given experimental
system. Coamplification of such HKGs
allows the normalization of different
amounts and qualities of starting RNA to
compensate for varying enzymatic effi-
ciencies in individual samples, because
the internal reference gene is exposed to
the same preparation steps that the genes
of interest are.

Accurate normalization of gene
expression data is an absolute prerequi-
site for reliable results, especially when
subtle differences in gene expression
are studied. However, no definite or
universal HKGs with proven invariable
expression between cells or experimen-
tal conditions has as yet been identified.
There is increasing evidence that many
commonly used HKGs are not as resis-
tant to internal and external environ-
mental changes as previously thought.
Their individual expression may vary as
a result of coamplification of pseudo-
genes, neoplastic growth, or experimen-
tal treatment and thus may seriously
compromise the correct interpretation
of the corresponding results (Goidin et
al., 2001). Until now, the most com-
monly used reference genes included
B-actin, GAPDH, HPRT, and 18s-rRNA.
Indeed, we must keep in mind that these
HKGs are merely historical holdovers
and that they were reliably accepted
as adequate references for many years
in non- or semiquantitative techniques
such as northern blot, RNase protec-
tion assays, and conventional RT-PCR.
Although they are acceptable for these
semiquantitative techniques, their con-
secutive qualification as appropriate
HKGs for the highly sensitive qPCR has
recently been re-evaluated, resulting in
strategies to control for their instability,
such as using sets of control genes and
calculating normalization factors with
statistical algorithms. For this purpose,
Vandesompele et al. (2002) worked
out an applet called geNorm (available
at http://medgen.ugent.be/~jvdesomp/
genorm/) that enables the consecutive

elimination of less stable HKGs among
a selection of putative HKGs and re-
evaluation of the remaining genes,
finally resulting in a selection of a
suitable HKG for an individual sys-
tem. For accurate subsequent averag-
ing of the control genes, the authors
proposed using the geometric mean
of HKG expression as a normalization
factor instead of the arithmetic mean,
because it helps to control for pos-
sible outlying values and abundance
differences among the different genes.
Alternatively, Bestkeeper (available at
http://www.gene-quantification.de/best-
keeper.html) or Normfinder (http://www.
mdl.dk/publicationsnormfinder.htm)
may be options for validating HKGs.

Normalizing for
gene expression
is no longer simple.

In many studies, normalization is
based on coamplification of a single
HKG. According to Vandesompele and
co-workers (2002), the best option is
to measure a panel of multiple HKGs.
However, this method usually requires
extensive and expensive practical vali-
dation to identify a combination of ref-
erence genes appropriate for each indi-
vidual experimental condition.

De Kok et al. (2005) identified HPRT
as the best single and widely stable refer-
ence gene of 13 frequently used HKGs
with independent functions in cellu-
lar maintenance (e.g., B-actin, B2M,
GAPDH, CPA, HPRT, porphobilinogen
deaminase, and PGK1) using qPCR in
80 normal and tumor samples of differ-
ent tissues, including skin. The authors
even suggest HPRT as an accurate and
economic alternative for the measure-
ment of multiple HKGs (as postulated
by Vandesompele et al., 2002) for future
studies in cancer research and tumor
diagnostics until a definite gold standard
has been identified. Moreover, according
to de Kok and co-workers (2005), most
research applications would not require
more than one HKG, because most of the
suitable HKG combinations identified
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by Vandesompele et al. (2002) already
included HPRT. However, in our opin-
ion, an apparently widely stable HKG
may be inappropriate if the given experi-
mental system influences only HPRT. On
the other hand, a meta-analysis of more
than 13,000 human gene array samples
resulted in the identification of novel
candidate HKGs with enhanced stability
among a multitude of different cell types
and varying experimental conditions,
with none of the commonly used HKGs
found in the top 50 stably expressed
genes (de Jonge et al., 2007).

If the coamplification of a panel of
HKGs is preferred, HKGs with inde-
pendent functions in cellular main-
tenance should be chosen, because
selecting genes that share identical bio-
chemical pathways could bias analyses.
Additionally, one must be aware that
HPRT is relatively lowly expressed and
thus applicable only for the normaliza-
tion of lowly expressed target genes.
For highly expressed genes of inter-
est, alternative HKGs with comparable
expression levels should be chosen. For
skin tissues, B-actin has been described
as a high-expression HKG. However,
expression of B-actin and GAPDH var-
ies across tissues, among cell types, and
during cell proliferation and develop-
ment. Additionally, the GAPDH-mRNA
level is widely altered in cultured cells
in response to various stimuli, including
hypoxia, insulin, dexamethasone, mito-
gens, and EGF (Zhong et al., 1999). There
have been numerous reports concern-
ing GAPDH regulation in cancer, tumor
samples, and cultured cells, as well as
GAPDH responses to experimental treat-
ment (Oliveria et al., 1999; Schmidt et
al., 2006).

The literature on HKGs in keratino-
cytes contains an abundance of incon-
sistent findings. Particularly in human
epidermal keratinocytes, whose pheno-
type depends on a complex differentia-
tion program and on culture conditions,
special attention must be paid to the
choice of HKG. The recent findings of
Minner and Poumay (2009, this issue)
support the choice of TATA box-binding
protein (TBP) or the ribosomal proteins
large 13A or PO, when studying differ-
entiation of keratinocytes. Because UV
radiation is the most important carcino-
genic environmental stressor of human
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skin, UV-induced changes in keratino-
cytes are also widely studied. UV radia-
tion damages DNA directly and via the
production of reactive oxygen species,
interfering with basic cellular metabolic
processes. Therefore, selection of HKGs
in studies including UV irradiation is of
particular importance.

Balogh et al. (2008) recently ana-
lyzed the mRNA expression of 10 HKGs
(e.g., 18s-rRNA, GAPDH, B-actin, B2M)
in neonatal human epidermal kerati-
nocytes after UVB exposure. Based on
geNorm and Normfinder analysis, suc-
cinate dehydrogenase complex sub-
unit A (SDHA) was found to be the best
individual reference gene and SDHA
and PGK1 comprised the most suitable
combination. Interestingly, GAPDH,
regardless of its low stability, showed
no apparent UVB-related regulation.
However, using in situ hybridization,
Wu and Rees (2000) demonstrated that
UVB exposure would result in highly
significant increases in GAPDH expres-
sion throughout the epidermis.

Particular attention must be paid to
HKG in diseased skin, and few data based
on gPCR have been published. Using in
situ hybridization, however, Wu and Rees
(2000) revealed an increased expression
of GAPDH in all areas of the epidermis
of psoriatic plaque compared with nor-
mal skin. Interestingly, using qPCR, Allen
et al. (2008) found important differences
in suitable HKGs for different types of
keratinocytes (e.g., HaCaT and adult vs.
neonatal keratinocytes). Any combina-
tion of CPA, B-glucuronidase, TBP, B2M,
ubiquitin C, tyrosine 3-monooxygenase/
tryptophan 5-monooxygenase activation
protein (zeta polypeptide), HPRT, and
large ribosomal protein PO was found to
be appropriate as an HKG when using
HaCaT or adult keratinocytes, where-
as only the expression of TBP, B2M,
tyrosine  3-monooxygenase/tryptophan
5-monooxygenase activation protein
(zeta polypeptide), and B-glucuronidase
was sufficiently stable for the normaliza-
tion of expression data in juvenile kera-
tinocytes. These findings indicate the
impact of using keratinocytes of different
origin. Finally, when using tissue samples
consisting of different (i.e., contaminat-
ing) cell types, the HKG should be sta-
bly expressed in all the included cells to
avoid rarefaction effects.

Taking all this into consideration, we
present the following recommendations.
Based on a proper validation process,
investigators should be able to demon-
strate that the reference gene of choice is
suitable for the individual experimental
system. Economic considerations may
require basing the study on published
HKG data. Thus, the corresponding HKG
may be chosen from the validated pre-
selection of putative HKGs, as provided
by Minner and Poumay (2009), Allen
et al. (2008), or Balogh et al. (2008). To
obtain the most reliable results, more
than one HKG should be used. For prac-
tical purposes, we recommend the initial
selection of two HKGs with independent
functions in cellular maintenance (see
above) for each experimental condi-
tion. The ratio of the expression of these
two genes should be relatively constant.
According to Huggett et al. (2005), an
acceptable level of variability will depend
on the degree of resolution required for
the experiment. On one hand, even if
the chosen gene is variable, it may not
matter as long as the intergroup differ-
ence of the target gene being measured
is greater than the corresponding refer-
ence gene variation. For example, a ref-
erence gene revealing a variation of 1
log may not be ideal, but nevertheless
sufficient to measure a 2-log change in
the gene of interest. On the other hand,
the smaller the variation in the target
gene, the more stable the selected HKG
should be. If the ratio of the two selected
HKGs varies, one or both of these genes
is not constantly expressed, and one or
more HKGs must be analyzed to identify
the most suitable pair of HKGs.

In contrast, Vandesompele et al.
(2002) recommend using at least three
of the most stable internal control genes
for geNorm-based calculation of a qPCR
normalization factor and stepwise inclu-
sion of more control genes until the next
added gene does not significantly alter
the newly calculated normalization fac-
tor. However, this approach may be
disproportionate when only a few tar-
get genes are studied or only minimal
amounts of RNA are available. Finally,
not only the selection of suitable HKG
but also the elimination of further causes
of inconsistent results of qPCR are impor-
tant in providing an adequate primer
design with the highest specificity.
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Minner and Poumay highlight the
importance of a careful evaluation of
candidate HKGs when studying human
epidermal keratinocytes, providing a
helpful and carefully validated prese-
lection of useful HKGs, especially for
studies of differentiation.
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