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ABSTRACT

HPRT is a housekeeping enzyme involved in recycling guanine and inosine in the purine salvage
pathway. As a housekeeping gene, HPRT has been widely used as an endogenous control for molecular
studies evaluating changes in gene expression. Yet, recent evidence has shown that HPRT exhibits high
variability within malignant samples. We designed this study to determine whether this observed
upregulation is consistently found, therefore rendering hprt an unsuitable normalization control in
cancer. Utilizing protein and RNA-seq expression, we found that malignant and normal patient samples
vary significantly both within the same tissue type and across organ sites. Upon staining for HPRT via
immunohistochemistry, we found that expression is highly variable in malignant samples (Lung;
89.2-111.8, Breast; 66.7-98.3, Colon; 85.3-129.7, Prostate; 90.8-155.4, Pancreas; 74.1-132.1). Similarly,
we observed high variability across cell lines via western blotting (p < 0.0001) which was further
confirmed using RNA sequencing. Comparing normal and malignant patient samples, we observed
consistent upregulation of HPRT expression within malignant samples relative to normal samples
(p = 0.0001). These data indicate that HPRT is unsuitable as an endogenous control for cancer-related
studies because its expression is highly variable and exceeds that of an appropriate control; therefore,
we recommend its discontinued use as a normalization gene.
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Introduction protein-level analysis.''™'® Yet, the literature is inconsistent
when reporting HPRT expression levels, particularly in can-
cer. After comparing various housekeeping genes such as
GAPDH, B-2 Microglobulin, 18s ribosomal RNA, etc., some
researchers have reported HPRT as the most consistent endo-
genous control,’” while others have reported HPRT levels to
be significantly lower than other controls in cancer tissue.'®
Further studies have reported HPRT as an unsuitable stan-
dard in certain cell types due to varying expression in
response to growth factor stimuli.'® Other sources have
reported HPRT to be expressed in breast carcinoma cell
lines, primary tumors, and metastatic lungs, but undetectable
in healthy lung tissue.”® In addition, further evidence shows
that HPRT demonstrates significant variability between nor-
mal patients and those with cancer.”** The inconsistency
present in the literature is concerning as HPRT is widely
used to standardize both RNA and protein levels.

This study was designed to investigate the use of HPRT as
a suitable endogenous control for cancer-related studies. The
most essential characteristic of endogenous controls is their
relatively constant expression in cells regardless of experimen-
tal conditions. As a critical component of several molecular
techniques evaluating small discrepancies in mRNA and pro-
tein content, using accurate endogenous controls to standar-
dize expression is paramount in correctly representing data.

Nucleotides provide the essential building blocks to sup-
port DNA replication and cell growth." Because cell divi-
sion is controlled by a balance of external and internal
factors, the processes that control nucleotide production
are tightly regulated as they are connected to cell cycle
regulation.”’ The salvage pathway is a nucleotide synthesis
pathway that operates by recycling nucleotides, and sup-
plies the majority of the nucleotide pool needed during
the s-phase of the cell cycle.* Hypoxanthine Guanine
Phosphoribosyltransferase (HPRT) is a salvage pathway
enzyme involved in the synthesis of both guanine and
inosine and is responsible for the majority of guanine
production, as 90% of free purines in humans are
recycled.>® This enzyme transfers phosphoribose from
phosphoribosyl pyrophosphate (PRPP) to hypoxanthine
or guanine bases to form inosine monophosphate (IMP)
and guanosine monophosphate (GMP), respectively.®’
Due to the constant requirement for GTP, as both
a nucleotide for DNA synthesis and as an energy moleule
throughout the «cell, HPRT is reliably produced as
a housekeeping gene and is found in all somatic tissue in
low levels.>™'°

Due to its housekeeping nature, HPRT is commonly used
as a standard endogenous control for transcriptional and
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Results
HPRT expression varies widely between cancer patients

Due to the housekeeping status of HPRT, protein expression
within patient tissue was directly compared against normal
tissue samples to highlight additional upregulation above that
of normal cells. We found significant variability between normal
and malignant patient samples with an overall trend of elevated
HPRT expression upon malignancy (Table 1). This variability is
seen across several different organ types, with prostate cancer
patients exhibiting the highest discrepancy between normal
(134.2 average gray value) and malignant (120.83 average gray
value). Most notably, the range of staining intensity greatly
varied amongst the malignant samples (lung; 89.2-111.8, breast;
66.7-98.3, colon; 85.3-129.7, prostate; 90.8-155.4, pancreas;
74.1-132.1) demonstrating that within each organ type, HPRT
expression is significantly variable. This same variability was
greatly reduced within the normal tissue samples as the overall
range of average gray intensity decreased (lung; 93.0-107.6,
breast; 81.6-105.1, colon; 101.5-108.7, prostate; 129.4-136.9,
pancreas; 51.0-103.6). Pancreatic tissue showed an inverse rela-
tionship when compared to all other organ types, as HPRT
expression was generally reduced (p < 0.0001) in malignant
tissue, 154.95 average gray value, when compared to normal
tissue, 137.33 average gray value (Figure 1).

Additionally, upon comparing HPRT expression across
malignant organ types, we found significant variation with
breast tissue showing the highest average HPRT (97.33) and
prostate tissue showing the lowest average HPRT (120.83).
The discrepancy between the different organ sites was also
present in normal tissue, but to a lesser extent (Figure 2).
Breast and colon samples showed significant (p = 0.0183)
changes in HPRT expression, while pancreatic samples were
significantly lower than other organ sites (p < 0.0001). These
data indicate that not only is HPRT expression inconsistent
between healthy and malignant tissue, but also shows that
there is significant variability between various tissue types.
On average, the marginal tissue, which is tissue taken from
the periphery of the cancer, had intermediate HPRT expres-
sion between normal levels and malignant levels, which is
consistent with our analysis indicating a general trend of
increased HPRT expression upon cancer development.

Less variability was observed in the box plots of GAPDH
samples when compared to the HPRT box plots as they were

Table 1. Patient tissue quantification.

Tissue Grade  Number of Age  Male/ Overall gray
Organ Type Range Patients Range Female intensity
Lung Normal - 18 30-77  14/4 101.08
Marginal - 18 100.74
Malignant  1-3 18 100.26
Breast Normal - 24 28-69  0/24 113.04
Marginal - 21 32-74  0/21 107.90
Malignant - 18 29-68  0/18 97.33
Colon Normal - 8 29-42 8/0 104.37
Marginal - 18 32-81 15/3 103.30
Malignant  1-3 53 30-79  27/26 102.59
Prostate  Normal - 3 63-75 3/0 134.2
Malignant  1-3 53 60-85  53/0 120.83
Pancreas Normal - 10 19-40 29/28 154.93
Marginal - 10 49-73 6/4 137.33
Malignant  1-3 54 40-84  4/6 154.95

generally tighter in prostate, colon, and breast samples
(Figure 2). GAPDH also showed some significance between
normal tissue, but was not as extreme as the variability
observed in malignant samples.

Protein expression varies significantly across cell lines

We found that expression of the HPRT protein varied sig-
nificantly across various cell lines from a variety of organ
origins. As protein volumes were standardized against
GAPDH, we found that EEF2 had no significant differences
in protein expression between cell lines. B2M showed similar
consistent expression, with the exception of Jurkat cells which
had significantly (p = 0.0012) lower expression compared to
other cell line samples. While B2M, TBP, and GAPDH show
very small changes in total protein expression, HPRT had
significant variability across all cell types (Figure 3).
Consistent with tissue data, normal PBMC cells had the low-
est total amount of protein (p < 0.0001), while A549 and U937
cells had the highest total protein content (p < 0.0001). PC3
and DU145 prostate cancer cell lines had equal HPRT expres-
sion (p > 0.999), along with H460 and A549 lung cancer cells
(p = 0.87). All other organ pairs had significant differences in
expression. SW620 and HT29 colon cancer cells (p = 0.043),
MDA-MB-231 and MCF7 breast cancer cells (p = 0.043) all
show significant differences in HPRT expression. When com-
paring normal PBMC lysate to other mononuclear cells, we
found Raji cells (p = 0.0007), Jurkat cells (p = 0.0212), and
U937 cells (p = 0.0007) each show significant elevation. These
data also show that HPRT protein levels within cancer cells
are significantly different from one another, especially when
compared to other endogenous proteins.

RNA levels are inconsistent across various cancer cell
lines

To determine whether HPRT is suitable as a control for RNA
expression, we evaluated RNA levels of 90 cancer cell lines
from a variety of different organ origins (lung, breast, colon,
prostate, pancreas). We found statistically significant variabil-
ity in expression not only among different cancer cell lines
within the same organ site, but also across different organ
sites (Figure 4). The highest expressing cell lines according to
RNA expression were QGP-1 (pancreas), DV-90 (lung), and
OUMS-23 (colon), while the lowest expressing cell lines were
LoVo (colon), COR-L105 (lung), and SNU-213 (pancreas).
Although the overall average levels of all cell lines evaluated
from each tissue type show some similarity, as indicated by
the horizontal lines, the variability between the individual cell
lines within and between each organ type is significant.

Endogenous control variation depends on the original
organ tissue

We also evaluated RNA expression levels between malignant and
normal samples to determine if the same variability observed
within cell line data also existed within patient samples. We
found that there was an overall significant increase in HPRT
upon malignancy, as was observed in other assays
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Figure 1. Immunohistochemistry staining of HPRT compared to GAPDH in a variety of organ types. Lung, Breast, Colon, Prostate, and Pancreatic malignant and
normal tissue were stained with antibodies against HPRT and GAPDH to determine trends in expression between cancerous and healthy tissue. Tissues were
quantified on a gray scale and lower values indicate a darker stain and higher protein binding. The gradient scale directly left of the images shows the directionality
and intensity of the DAB staining. (A) HPRT showed a significant variability between malignant and normal tissue samples with an overall trend of increased HPRT
upon malignancy. (B) GAPDH had significantly elevated levels of expression in both malignant and normal tissue samples.

(p-value = 0.0007, Prostate adenocarcinoma; 0.0001, lung squa-
mous carcinoma; 0.0001, Lung adenocarcinoma; 0.0001, Colon
adenocarcinoma; 0.0001, Breast invasive carcinoma). The most
significant difference was found within lung squamous cell carci-
noma patients. Upon analyzing 9 other endogenous control genes
we found that their expression levels also varied, but this was
according to the organ tissue type (Figure 5). ACTB and TBP
generally were elevated in normal patients when compared to
malignant patients but showed relatively consistent expression
across samples (p-values ACTB: 0.8178, colon adenocarcinoma;
0.4614, lung adenocarcinoma; 0.9974, lung squamous carcinoma;
TBP: 0.2615, lung adenocarcinoma; 0.3142, prostate adenocarci-
noma). Meanwhile GAPDH, GUSB, PGK1, PP1A, RPLPO, and
B2M all generally showed elevation of expression in malignant
tumors. TFRC was the only gene that had a variation of elevation,
with lung adenocarcinoma and prostate adenocarcinoma patients
showing elevated levels in normal samples; and lung squamous cell
carcinoma, colon adenocarcinomas, and breast carcinoma show-
ing elevation in tumors.

To show how HPRT variability can affect experimental
results and conclusions we mapped the other endogenous
control genes utilizing either normal HPRT as the standard
or malignant HPRT as the standard. Here we see that gene
expression can vary. TFRC goes from showing an elevation
when normalized to normal HPRT to a decrease in protein
expression when standardized to malignant HPRT. This
demonstrates that utilizing HPRT in malignant samples does
not provide an adequate representation of gene elevation or
reduction compared to normal cells (Figure 6).

Discussion

This study analyzed expression of HPRT to determine
whether the protein is suitable as a normalized control for
cancer-related studies. Because HPRT has been used exten-
sively as an endogenous control in many studies, it is impor-
tant to provide a clear understanding of how it’s expression
changes in a cancerous setting.”>~>* Here we have shown that
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Figure 2. Statistical analysis of HPRT and GAPDH expression in patient tissue. Tissues were quantified on a gray scale and lower values indicate darker staining. Both
GAPDH and HPRT had significant variability between organ systems. HPRT showed less significance within normal tissue, with pancreatic tissue showing the greatest
significance from other tissue types (p < 0.001). In malignant samples, HPRT showed more significant variability with all organs showing significance from each other
with the exception of Colon and Pancreatic tissue samples. GAPDH showed similar patterns as HPRT with significant expression between malignant organ sites.

HPRT is not a suitable control for cancer-related experiments
as it exhibits expression variability at both protein and tran-
scriptional levels. When comparing normal samples to malig-
nant samples, HPRT showed variation that is not consistent
with a good normalization control. Additionally, the levels of
HPRT also varied across different organ tissues in malignant
samples and, to a lesser extent, normal samples.

HPRT has been used as the sole housekeeping standard for
several studies involving cancer.’®>' As there is a significant
increase in HPRT expression in most tissue types upon devel-
oping malignancy, the increased target gene expression
observed in several studies may be more significant than
originally detected, as some increases in gene expression
may be masked by the concomitant increase in malignant
HPRT expression. This inherent elevation of HPRT may
also conceal genes with increased expression that would
have otherwise been significant if a different endogenous
control was chosen for the analysis. With this in mind, we
would recommend researchers utilizing HPRT as a single
standard re-evaluate their data to determine if a different

control would result in more accurate results. In addition,
we propose the discontinued use of HPRT as a standard
control as the variability seen within malignant patients ren-
ders it unsuitable for normalization.

When comparing 10 different common endogenous con-
trols, we found that their relative expression between malig-
nant and normal tissue was dependent on the tissue type. TBP
showed insignificant differences between malignant and nor-
mal cells in lung adenocarcinoma but exhibited significant
differences in lung squamous cell carcinoma. Some genes
also had inverted expression depending on the tissue type.
PGK1 had elevated levels in normal prostate, but also had
elevated levels in colon adenocarcinoma. These results indi-
cate that it may be in the best interest of the researcher to
select the endogenous control genes based upon previously
determined expression levels and change the selected control
gene according to the experimental conditions and tissue
used. For example, in a study utilizing lung adenocarcinoma
as the primary test material, it would be in the best interest of
the researcher to use ACTB or TBP as a normalization
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Figure 3. Protein expression between cell lines shows significant variability in HPRT when compared to other endogenous controls. Samples were originally
standardized to GAPDH expression and B2M, EEF2, and HPRT were measured in comparison to that standard. Cell lysates were isolated for 2 cell lines from each
organ tissue type. We find that HPRT expression varies significantly in comparison to both EEF2 and B2M expression when standardized against GAPDH.

control, as these genes show insignificant differences between
normal and malignant samples.

Previous work has already shown that HPRT is an unsui-
table endogenous control in some experimental systems, such
as embryonic stem cells,"”” and has pseudogenes that affect
gene normalization in qPCR.>* Considering this previous data
and the results obtained in our evaluation, HPRT appears to
be unsuitable as an endogenous control for cancer-related
studies.

Conclusions

As a protein with significant elevation and variation in
malignant samples, HPRT should no longer be used as an
endogenous  standard for assays involving gene
normalization.

Materials and methods
Chemicals/reagents

We used Anti-HPRT rabbit polyclonal antibody (ab10479) for
Western blot analysis; these were purchased from Abcam
(Cambridge, United Kingdom) and stored at 4°C. Western
bright western blotting detection kit was purchased from
Advansta (Menlo Park, CA, USA) and stored at room tem-
perature. DIVA Decloaker 10x, Background Sniper, Mach 4
HRP polymer, DAB Peroxidase, Hematoxylin, Hydrophobic
pen, and Universal Negative antibodies were all obtained from
Biocare Medical, Concord, CA. GAPDH polyclonal antibody
(One World Labs, San Diego CA) was aliquoted and stored at
—-20°C. Tween20 (Fisher Reagents, Waltham MA) was stored
at room temperature. Hydrogen Peroxide, 30% (Fisher
Reagents, Waltham MA) was stored at 4°C.
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samples.
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Figure 6. Impact of using HPRT as a normalization standard on gene expression. Normal and malignant HPRT levels were used as a normalization to compare the
expression of the remaining 9 endogenous control genes. Total gene expression was plotted with either “normal” or “malignant” HPRT levels within each cancer type
as the normal standard to which the fold changes in all other proteins was determined. We found that when using either normal or malignant HPRT levels there was

significant variability in the other endogenous control gene expression profiles.

Lysate preparation

Raji, HT-29, Jurkat, U937, PC3, DU145, NCI-H460, SW620,
MCEF-7, MDA-MB-231, and A549 human cell lines were
obtained from the American Type Culture Collection
(Rockville, MD, USA). Raji, HT-29, Jurkat, U937, PC3, DU145
and NCI-H460 cells were grown in RPMI 1640 medium

supplemented with 10% fetal bovine serum (FBS) and 2mM
L-Glutamine. SW620, MCF-7, and MDA-MB-231 cells were
grown in DMEM medium supplemented with 10% FBS and
4mM L-Glutamine (Gibco, MD, USA). A549 cells were grown
in F-12K medium supplemented with 10% FBS and 2mM
L-Glutamine. Cell media was replaced every 48 hours to main-
tain exponential conditions. Cell viability was evaluated using



e1575691-8 M. H. TOWNSEND ET AL.

trypan blue staining. All cells were grown at 37°C and 5% CO,.
Cell lines were authenticated in May of 2016 by the University of
Arizona Genetics Core.

Whole blood was collected in heparinized tubes from
healthy volunteers under IRB approval (BYU X090281) with
written informed consent. Blood was diluted with PBS ata 1:1
ratio and layered on Lymphocyte Separation Medium (LSM)
(Corning Incorporated, Corning, NY, USA) before being cen-
trifuged for 30 minutes at 400xg. The buffy layer was collected
and treated with a red blood cell lysis buffer (Biolegend, San
Diego, California) before used for experimentation.

Once confluent, cells were treated with accutase and washed
with cold PBS twice and then added to a RIPA buffer solution
with freshly added protease and phosphatase inhibitor (Thermo
Fisher Scientific, MA, USA). Cells were then thoroughly vor-
texed and incubated on ice for 30 minutes with an additional
vortex step performed every 10 minutes. The lysed solution was
then pelleted at 15,000xg for 15 minutes at 4°C and aliquoted to
avoid freeze-thawing samples. All lysates were stored at —80°C.

Immunohistochemistry

Tissue microarrays were purchased from Biomax. Patient
details and information are found in Table 1 and include
lung, prostate, colon, breast, and pancreatic cancer patients
and corresponding normal samples.

HPRT levels were assessed using standard immunohistochem-
istry staining. Following treatment with Histoclear (National
Diagnostics, Charlotte, North Carolina), tissues were rehydrated
with a series of ethanol washes. To retrieve antigen, tissues were
treated with a DIVA Decloaker heated to 80°C for 30 minutes.
Tissues were washed with a hydrogen peroxide solution followed
by a Tris Buffered Saline-Tween20 (TBST) wash. Following wash-
ing, tissues were incubated with a blocking Background Sniper
solution to reduce non-specific antibody binding. Following
blocking, primary antibody was added at a 1:100 dilution and
incubated overnight at 4°C. Tissues were washed and treated with
a Mach 4 universal HRP polymer (Biocare Medical, Pacheco,
California) and incubated for an hour. DAB peroxidase was
added to the tissues along with hematoxylin to highlight target
protein and the cell nuclei, respectively. A inteliPATH FLX uni-
versal negative control was used as the negative control for back-
ground binding, and GAPDH was used as a positive control to
ensure protocol functionality.

Tissue quantification

Quantification of tissues was carried out using Image] soft-
ware. An IHC toolbox Image] plugin with the DAB more
option was chosen and tissues were removed of all non-
DAB stain. Following this modification, the image was con-
verted to a grayscale and a threshold was applied to eliminate
areas of negative space. This same threshold was applied to all
tissue samples to ensure consistency and reduce sample bias.

Western blot and quantification

Cell lysates were blotted for GAPDH, B2M, EEF2, and HPRT
expression utilizing standard Western Blotting techniques

described in Sewda et al, with minor modifications.*”
Briefly, each sample was boiled for 5 minutes prior to running
on a 12% polyacrylamide gel under reducing conditions. Gels
were then transferred to a nitrocellulose membrane (Biorad
Laboratories Hercules, CA, USA), blocked, and treated with
primary antibody (1:1000 dilution) overnight at 4°C on
a shaker. Following primary antibody treatment, membranes
were washed and treated with secondary HRP antibodies
(1:20,000 dilution) (Abcam, Cambridge, United Kingdom)
for 1 hour at room temperature. Membranes were then
washed and treated with a Western Bright (Advansta,
California, USA) HRP substrate before capturing the image
with X-ray film. Western images were scanned and images
were imported into Image] and converted to an 8-bit image.
Lanes were then selected and plotted. The area under the
individual bands were calculated to determine the relative
protein expression of the samples. The quantity of westerns
required that the gels be run separately due to space; as such
the images were excised from the triplicate sample and repre-
sented in Figure 3. All westerns were standardized to GAPDH
to ensure that the resulting changes in experimental protein
values were comparable.

Transcriptomic analysis

We evaluated expression levels for 90 cell lines from the Cancer
Cell Line Encyclopedia using data that had been generated using
Ilumina-based RNA-Sequencing.”>** The data values were ori-
ginally calculated at the isoform level using the kallisto
software;”> we calculated gene-level values by summing the
isoform values for each gene. Next we log-transformed these
values and converted them to transcripts-per-million values.
We sorted the cell lines according to HPRT1 expression level,
from high to low expression per sample.

We obtained gene-level expression values for tumors and
normal tissues from The Cancer Genome Atlas.*® The Illumina-
based, RNA-Sequencing data had been prepared previously
using the featureCounts algorithm and the Rsubread
package.”’* In cases where RNA expression had been profiled
for the same patient multiple times, we averaged expression on
a per-gene basis across the replicates. Next, we log-transformed
the data and normalized the data to transcripts-per-million
values. The normal data came from tissue of the same organ
type or from blood samples; however, these samples did not
necessarily come from the same patients as the tumor samples.

We preprocessed the RNA expression data using scripts
written in the Python programming language (https://python.
org, v.3.6.1). To make graphs for this analysis, we used the
ggplot2 package (v.2.2.1) and the Superheat package (v.0.1.0)
implemented for the R (v.3.4.3) statistical software.**™*?

Statistical analysis

ANOVA using the multiple comparison method was used to
determine significance differences between patient tissue sam-
ples in immunohistochemistry staining and western blotting
data. These statistical analyses were evaluated using GraphPad
Prism 7 software.


https://python.org
https://python.org

In calculating differences in transcriptome between tumor
and normal samples, we used a permutation-based test. For
a given gene, we repeatedly (n = 10,000) permuted the tumor/
normal labels and calculated the difference in mean expres-
sion; then we compared the actual difference in expression for
a given gene against its respective permuted distribution;
lastly, we calculated an empirical p-value by determining the
proportion of times that the actual difference was greater than
the permuted differences. Differences were considered signif-
icant when the p value was < 0.05. These tests were performed
using the R (v.3.4.3) statistical software. When evaluating
p-values the following legend was used: *; p < 0.05, **;
p < 0.01, ***; p < 0.0001, ****; p < 0.00001.
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