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Abstract

Background: The aim of this study is to determine whether Hypoxanthine Guanine Phosphoribosyltransferase
(HPRT) could be used as a biomarker for the diagnosis and treatment of B cell malignancies. With 4.3% of all new can-
cers diagnosed as Non-Hodgkin lymphoma, finding new biomarkers for the treatment of B cell cancers is an ongoing
pursuit. HPRT is a nucleotide salvage pathway enzyme responsible for the synthesis of guanine and inosine through-
out the cell cycle.

Methods: Raji cells were used for this analysis due to their high HPRT internal expression. Internal expression was
evaluated utilizing western blotting and RNA sequencing. Surface localization was analyzed using flow cytometry,
confocal microscopy, and membrane biotinylation. To determine the source of HPRT surface expression, a CRISPR
knockdown of HPRT was generated and confirmed using western blotting. To determine clinical significance, patient
blood samples were collected and analyzed for HPRT surface localization.

Results: We found surface localization of HPRT on both Raji cancer cells and in 77% of the malignant ALL samples
analyzed and observed no significant expression in healthy cells. Surface expression was confirmed in Raji cells with
confocal microscopy, where a direct overlap between HPRT specific antibodies and a membrane-specific dye was
observed. HPRT was also detected in biotinylated membranes of Raji cells. Upon HPRT knockdown in Raji cells, we
found a significant reduction in surface expression, which shows that the HPRT found on the surface originates from
the cells themselves. Finally, we found that cells that had elevated levels of HPRT had a direct correlation to XRCC2,
BRCAT, PIK3CA, MSH2, MSH6, WDYHV1, AK7, and BLMH expression and an inverse correlation to PRKD2, PTGS2,
TCF7L2, CDH1, IL6R, MCTR, AMPD1, TLR6, and BAK1 expression. Of the 17 genes with significant correlation, 9 are
involved in cellular proliferation and DNA synthesis, regulation, and repair.
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Conclusions: As a surface biomarker that is found on malignant cells and not on healthy cells, HPRT could be used
as a surface antigen for targeted immunotherapy. In addition, the gene correlations show that HPRT may have an
additional role in regulation of cancer proliferation that has not been previously discovered.

Keywords: Hypoxanthine Guanine Phosphoribosyltransferase (HPRT or HGPRT), Burkitt's B cell ymphoma, Acute
Lymphoblastic Leukemia, ALL, Raji, Lymphocytes, Surface Localization, Biomarker

Background

Non-Hodgkin lymphomas (NHL) and lymphocytic leu-
kemia (Chronic Lymphoblastic Leukemia and Acute
Lymphoblastic Leukemia) are hematological cancers
that include more than 30 different cancers of B and T
lymphocytes [1]. Non-Hodgkin lymphoma diagnoses
made up 4.3% of all new cancer cases in 2017, dem-
onstrating the prevalence of the disease in the United
States [2]. In addition, leukemia is the most common
malignancy in children, with ALL comprising approxi-
mately 26% of all childhood cancers [3, 4].

Cancer biomarkers are typically categorized as
diagnostic, prognostic, or predictive. While diag-
nostic biomarkers identify the onset or presence of
cancer, prognostic biomarkers inform physicians of
clinical outcomes for their patients throughout treat-
ment, and predictive biomarkers suggest how patients
will respond to various treatment regimens[5]. A new
category of surface biomarkers has emerged; these
biomarkers function as targets for immunotherapy
[6—10]. Currently, the most prominent immunotherapy
biomarker for B cell malignancies is CD19 [11-15].
CD19 is a type I transmembrane protein expressed in
normal and neoplastic B cells, and follicular dendritic
cells [16]. CD19 has been used as a direct target for
chimeric antigen receptors (CARs) as well as an anti-
body in bi-specific T-cell that directs cytotoxic T-cells
to CD19 expressing B cells [16]. Currently, the only
FDA approved CAR therapy targets are against CD19;
these include Yescarta (axicabtagene ciloleucel) and
Kymriah (Tisagenlecleucel) [17, 18]. A disadvantage of
utilizing this biomarker target is that patients’ healthy
B cell populations decrease because CD19 is not spe-
cific to cancer cells. Another disadvantage of target-
ing CD19 is that some tumors experience antigen loss
which confers resistance to CD-19-targeted immuno-
therapy, and approximately 10-20% of patients relapse
following treatment with CD19-CAR therapy [19, 20].
To aid in reducing antigen loss, researchers seek to
identify new immunotherapy biomarkers that can be
targeted to eliminate B cell malignancies. New targets
such as CD22, CD20, and ROR1 have all shown prom-
ise in eliminating certain B cell malignancies, but fur-
ther research is needed to expand targetable antigens
on the surface of malignant cells [21-24].

Previous studies have found that there is variability in
regards to hypoxanthine guanine phosphoribosyltrans-
ferase (HPRT) expression within malignant tissue [25],
and as such it has been suggested that HPRT could be
used as targetable biomarker for some solid malignancies
[26]. We have designed this study to determine whether
HPRT could be used as a targetable biomarker in the
treatment of B cell malignancies [25, 27]. In doing this,
we hope to identify additional biomarkers options to
lessen the growing concern of antigen loss.

Methods

Chemicals

Anti-HPRT mouse monoclonal antibody (MA5-15274)
used for flow cytometry was aliquoted and stored at —
20 °C (Thermo Fischer Scientific, Waltham, MA, USA).
Anti-HPRT rabbit polyclonal antibody (ab10479) used
for Western blot analysis were purchased from Abcam
(Cambridge, United Kingdom) and stored at 4 °C. Anti-
Mouse-FITC and anti-Rabbit-FITC antibodies (Sigma
Aldrich, St. Louis, MO, USA) were stored at 4 °C and
were used in dark conditions. Goat-anti-rabbit-HRP sec-
ondary antibody was purchased from Abcam and stored
at4°C.

Cell culture conditions

The Raji (CCL-86- human Burkitt’s B cell lymphoma)
cell line was obtained from the American Type Culture
Collection (Rockville, MD, USA). NALM-6 cells were
gifted by the University of Utah. Raji and NALM-6 cells
were grown in RPMI 1640 medium supplemented with
10% fetal bovine serum (FBS) and 2 mM L-Glutamine
(all from Hyclone, Logan, UT, USA). Cell media was
replaced, and cells were passaged to maintain exponen-
tial conditions throughout experimentation. Cell viability
was evaluated using trypan blue staining, and cells were
utilized for all applications when viability exceeded 98%.
All cells were grown at 37 °C and 5% CO,. Raji cells were
authenticated in May of 2016 by the University of Ari-
zona Genetics Core.

Flow cytometry

The surface presence of HPRT was evaluated by meas-
uring the fluorescence intensity of anti-HPRT antibod-
ies as previously described [25]. Briefly, all samples were
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analyzed on a Blue/Red Attune (Applied Biosystems).
Using unstained and isotype controls as guides, the posi-
tive population was determined by the overall shift in the
fluorescent intensity. Each cell line was independently
analyzed and the data was plotted using FlowJo Software
(FlowJo Enterprise).

Mononuclear cell separation

Whole blood was collected from healthy volunteers
under IRB approval (BYU X090281) with written
informed consent. Blood was further diluted with PBS at
a 1:1 ratio and layered on top of Lymphocyte Separation
Medium (LSM) (Corning Incorporated, Corning, NY,
USA) before being centrifuged for 30 min at 400xg. The
bufty layer was collected and treated with a red blood cell
lysis buffer (Biolegend, San Diego, California) before used
immediately for experimentation.

ALL patient samples

Acute lymphoblastic leukemia (ALL) samples were
collected at diagnosis or relapse from patients after
informed consent utilizing a biobank protocol at the
Huntsman Cancer Institute in Salt Lake City, UT. Sam-
ples were frozen with dimethyl sulfoxide (DMSO) and
albumin and further aliquoted for analysis. Following suf-
ficient thawing at 37 °C, samples were washed with Dul-
becco’s phosphate-buffered saline (DPBS). After careful
washing, cells were used for flow cytometry analysis and
stained with similar procedures as previously described.

Surface biotinylation and western blot analysis
Cells were analyzed for surface presence of HPRT
along with general expression within the cell using the
Pierce Cell Surface Protein Isolation Kit (Thermo Sci-
entific, Waltam, MA, USA). Briefly, 3 flasks of Raji cells
were grown to 95% confluency and normal lympho-
cytes were obtained from healthy donors under IRB
approval (#090281). Cells were washed and treated with
sulfo NHS-SS-biotin. Following rocking on a shaker for
30 min at 4 °C, cells were quenched and treated with a
lysis solution for 30 min at 4 °C. Cell lysate was added
to a neutravidin gel and incubated for 60 min at room
temperature. This solution was run through a filter and
washed 4 times. The flow through, containing all unla-
beled proteins not found in the plasma membrane, was
collected and labeled “unlabeled cellular protein” The
biotin-labelled protein was then eluted from the column
utilizing a 50 mM DTT solution and labelled “membrane
fraction” Samples were stored at — 80 °C prior to evalua-
tion with Western Blotting.

Both membrane and unlabeled cellular protein frac-
tions were evaluated for HPRT presence using standard
Western Blotting techniques described in Sewda et al.
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with slight modifications [22]. Briefly, protein was run
on a 12% polyacrylamide gel under reducing conditions.
Following membrane transfer, membranes were blocked
with 5% milk and incubated with HPRT antibodies
(1:1000 dilution) and subsequently treated with a West-
ern Bright (Advansta, California, USA) HRP substrate
and the image was captured on X-ray film. The film was
then analyzed using Image] [28] software that calculated
the protein expression within each band in reference to
the GAPDH control. Samples were run in technical rep-
licates and further confirmed with 3 biological replicates.

Confocal microscopy

Cells were evaluated qualitatively for HPRT surface
localization using procedures previously described [26].
Briefly, cells were labeled with fluorescent antibodies
against HPRT and the controls and imaged on a 15 mW
Krypton/Argon laser (Bio-Rad Laboratories, Hercules,
CA). Cells were not fixed to ensure minimal background
fluorescence due to auto-fluorescence. Images were cap-
tured and processed using Laser Sharp Computer Soft-
ware (Bio Rad Laboratories).

HPRT knockdown

The pSpCas9(BB)-2a- GFP CRISPR vector with an ‘NGG’
protospacer sequence was designed by the Zhang lab [29]
and obtained from Addgene (Cambridge, MA, USA).
Guide RNA design was conducted using the CRISPR
Design tool created by MIT [30] with a sequence of
“GCTTCATGGCGGCCGTAAAC” Briefly, Raji cells
were grown to a concentration of 4 x 10° cells per mL
and seeded in a 6-well plate. Following 24 h of growth,
cells were transfected with a lipofectamine LTX reagent
(Invitrogen Waltam, MA, USA). Briefly, 150 ul of Opti-
MEM (Gibco, Gaithersburg, MD) was incubated with
5-7 ul of lipofectamine LTX reagent while 250 ul of Opti-
MEM was incubated with approximately 2 x 10°ng of
the CRISPR vector. The solutions were mixed together
and incubated at room temperature for 30 min. The
lipofectamine-DNA solution was then added to the Raji
cells in a drop-wise fashion. Cells were grown for 3 days
and then treated with media containing 6-thioguanine
(6-TQ) at a final concentration of 10 pg/pL. 6-TG is a
nucleoside analog that is toxic to cells with a functional
HPRT gene. Cells that survived the 6-TG treatment were
grown to sufficient quantities to produce cell extract.
This extract was analyzed by Western blotting using simi-
lar techniques described previously to confirm surviving
cells were HPRT /. The final cell population was labeled
“knockdown” to account for the incomplete knockout of
HPRT in all cells. As the cell population did not result
from a single clone, there were some HPRT expressing
cells within the population after selection.
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Gene expression analysis of malignant B cell lines

and patient samples

We evaluated gene-expression levels for 105 genes across
79 malignant human B cell lines from the Broad Insti-
tute’s Cancer Cell Line Encyclopedia[31]. The genes cho-
sen for this analysis were based on their association with
cancer development and progression. Several sources
were used to determine optimal genes of interest [32—
43], and genes chosen were not strictly limited to blood
cancers. Of the genes associated with cancer develop-
ment, selections were made to include proteins involved
in immunity, tumor suppression, metastasis, drug resist-
ance, and general development. We used RNA-Sequenc-
ing data for protein-coding transcripts that had been
generated using Illumina-based, short-read sequencing.
These data had been processed using the kallisto soft-
ware [44], then log- transformed and converted to tran-
scripts-per- million values [45]. This data can be found at
https://osf.io/gqrz9/files/  (matrices/CCLE/CCLE_tpm.
tsv.gz). We summed the transcript-level values to gene-
level values and sorted the cell lines according to HPRT1
expression level, from high to low expression per sample.
We parsed and prepared the data using Python (https://
python.org, v.3.6.1) scripts. In making the heat map, we
used the R (v.3.4.3) statistical package [46] and the Super-
heat package (v.0.1.0) [47].

Gene-expression analysis of adult B-acute lymphoblastic
leukemia
We obtained gene-expression data for 191 patients who
had been diagnosed with adult B-lineage.

Acute lymphoblastic leukemia. These data had been
generated using NimbleGen Human.

Expression Arrays (which use 60mer probes). We
obtained these data from Gene Expression.

Omnibus (GSE34861) in preprocessed form. We used
the R statistical package (v.3.4.3) to plot.

these data.

Statistical analysis
ANOVA statistical analysis with the Tukey-Kramer mul-
tiple comparison method were used to analyze the flow
cytometry data from all cell lines, representing the dif-
ferential surface expression of HPRT for the various
treatments. In addition, two-way ANOVA tests were
performed to compare the mean expression of HPRT
between Raji™ T and knockdown cells. All statistical anal-
yses were performed using GraphPad Prism 7 software.
Differences were considered significant when a p value
was <0.05.

When assessing relationships between HPRT expres-
sion and other genes, we used a Spearman correlation
test to calculate correlation coefficients and two-sided
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p-values. In performing these calculations, we used the
cor.test function in the stats package of the R (v.3.4.3) sta-
tistical software.

Results

Raji cells show a significant increase in HPRT localization
on the plasma membrane while healthy cells have
insignificant expression

Raji cells labeled with antibodies against HPRT had an
average fluorescent population shift of 81.39% which was
significantly different (p-value <0.0001) from the isotype
controls, which only experienced a 1.50% shift in the fluo-
rescent population (Fig. 1a, c). Lymphocytes from healthy
donors labeled with antibodies against HPRT had insig-
nificant fluorescent shifts in the population (1.53%) when
compared to isotype controls (p-value=0.98) (Fig. 1b, d).
These results indicate that HPRT has substantial pres-
ence on the surface of Raji cells and has insignificant
presence on the surface of their normal counterparts.

To confirm surface localization, malignant and normal
cells were analyzed using confocal microscopy to visu-
alize direct overlap between the plasma membrane and
HPRT binding. Raji cells had a direct overlap between the
membrane specific dye and the FITC conjugated HPRT
antibody resulting in a yellow merged image (Fig. 2b).
This same overlap was not observed in normal lympho-
cytes as the HPRT binding was similar to that of the iso-
type control, showing that these cells had minimal HPRT
expression (Fig. 2a). This analysis shows that HPRT asso-
ciates strongly with the plasma membrane and has a sig-
nificant surface presence on malignant Raji cells.

Biotinylated surface proteins show HPRT bound

to the plasma membrane of Raji cells

To further confirm whether HPRT was bound to the
plasma membrane of Raji cells, we biotinylated the sur-
face proteins of Raji cells and normal cells, and probed for
HPRT presence. This analysis revealed a band in the Raji
membrane biotin sample that was absent from the nor-
mal lymphocyte membrane biotin sample and all other
membrane controls. As expected, the band observed in
the membrane fraction was smaller than that of the unla-
beled cellular protein fraction as the amount of HPRT on
the cell surface would be significantly less than the inter-
nal levels of the protein (Fig. 3). This analysis further con-
firmed the localization of HPRT on the cell surface of Raji
cells and the absence of the enzyme on normal cells.

HPRT knockdown cells exhibited reduced levels of surface
HPRT expression

To help confirm that the surface HPRT originated from
the cells themselves, we created a knockdown of HPRT
in Raji cells using a CRISPR system. Following adequate


https://osf.io/gqrz9/files/
https://python.org
https://python.org

Townsend et al. Cancer Cell Int (2020) 20:375 Page 5 of 15
a Raji b . Lymphocyte
400 = y 50 =
- r \ 3
A 300 = \ a
1 Positive £ 07
200 — E i 2 ]
1 1 Positive
g 20 = _—
- “ i
100 = .
- 10 -
- | ]
c | J
= T \ -4
8 0 LEEELL EELEEE UL R |||ui| LERELL EEREREE L EEREREE L 0
10? 10° 10t 10° 1? 10? 10
FITC >
[ ] Unstained [ ] 1sotype [] HPRT
(o]
*kkk 1 15
— 1001 < 157
S L g
£ 19 £
‘= 1 <
=z 50 v
T c -
5 T s 0
g 40- E
= ]
4 o
o o
a o 54
£ 204 g
8 g .-
w
] g
s )
g 0 L] L] L] L] L] L] 2 0 T T Ll Ll T
= © 0O L b o Q A\
. 006 © © QO QQ' ‘\'ib . °®6 © © Q'\L QQ'
& S F o ¥ &0 & = <
(\a-’ (\é 0’6 006 (‘b 06
S o @ & )
& %
Fig. 1 HPRT surface localization in Raji and normal cells. Fluorescent HPRT antibodies were compared against isotype controls to determine
increase in HPRT expression on the surface of both Raji and normal lymphocytes. GAPDH and NF-kB were used as additional negative controls
to ensure internal proteins were not stained and NaK was used as a positive membrane protein control. a Raji cells stained with a fluorescent
anti-HPRT antibody experienced a significant shift (p-value <0.0001) when compared to isotype controls. b Normal lymphocytes from healthy
donors stained with fluorescent anti-HPRT antibodies did not experience a significant shift in the fluorescent population when compared to isotype
controls. ¢ Statistical analysis reveals a significant elevation of HPRT expression on the surface of Raji cells, and d an insignificant elevation of HPRT
on healthy lymphocytes

selection, we determined that there was sufficient reduc-
tion of HPRT within the cells for analysis (Fig. 4). The
average relative expression of the enzyme went from
47,628 in wild type Raji cells to 2254 in knockdown cells
(p-value =0.0002).

When evaluating HPRT knockdown cells for sur-
face expression we found a significant (p-value=0.039)

decrease in the presence of the protein on the surface
compared to the WT Raji counterparts (Fig. 5). We
observed a shoulder in the population that we hypoth-
esize are a result of the sample not being a true knock-
out, but a knockdown. While the knockdown cells did
show slight significance in expression when compared
to isotype controls (p-value=0.029), this was far less
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Fig. 2 HPRT expressed highly on the plasma membrane of Raji cells. Fluorescent HPRT antibodies were compared against a membrane specific
dye to highlight overlap in binding. CD19 and CD44 were used as positive controls and isotype controls were used as negative controls to
highlight nonspecific antibody binding. a Healthy lymphocytes did not have a significant presence of HPRT on the cell surface and levels were
similar to isotype controls. b Raji cells showed a clear increase in fluorescence when analyzed for HPRT and there was a direct overlap between the
membrane dye and the antibody treatment, indicating that HPRT is co-localized with the plasma membrane of Raji cells

than the surface expression of HPRT in WT Raji cells
(p-value=0.0001). The overall average reduction in
HPRT expression upon protein knockdown was approxi-
mately 20%. Further analysis with a true knockdown
cell line will need to be evaluated to confirm these ini-
tial findings, but these data indicate that surface HPRT is
directly produced within the cells.

Analysis of patient samples shows that HPRT surface
expression has clinical relevance

To determine whether the presence of HPRT was an
artifact of cell culturing conditions or cell immortaliza-
tion, we analyzed samples from patients with ALL to
determine whether the phenomenon was also found
within these patients. We found that 7 out of the 9
patient samples were positive for elevated HPRT on the
cell’s surface and we saw an overall increase in fluores-
cence (p-value<0.0001) upon anti-HPRT staining when

compared to isotype controls. Samples with the highest
fraction of HPRT positive cells observed had approxi-
mately 34% positives, while the lowest had 6.7%, with the
average positive fraction around 25% for ALL patients
(Fig. 6). This analysis showed that HPRT has relevance
within a proportion of patients. This analysis also con-
firmed that HPRT surface localization is not a universal
characteristic of malignant cells and patients should be
evaluated on an individual basis.

Differential gene expression between HPRT low and HPRT
high expressing cancer cells

As we found variability between normal cells and malig-
nant cells in regard to their relative HPRT expression, we
further evaluated changes in gene expression between
high-expressing and low-expressing cells to determine
whether HPRT could have any potential influence on
other cancer-associated genes. We assessed 79 different
malignant B cell lines and ranked them according to their
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Fig. 3 Biotinylated surface proteins reveal HPRT presence and confirms surface presence of the protein.’"Membrane Fraction’shows the total
surface proteins on both lymphocytes and Raji samples. ‘Cytosolic Fraction’shows the total HPRT within the cell. A band is observed in the ‘Raji
Biotinylation’sample as the membrane fraction of Raji cells and healthy lymphocytes are probed for HPRT presence
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Fig. 4 HPRT knockdown confirmation. Following knockdown of HPRT, a western blot was performed to both confirm knockdown status and to
also quantify the internal cellular expression of HPRT within Raji cells and healthy PBMC. Knockdown cells had significantly decreased levels of HPRT
in total cell lysate, indicating successful knockdown (p-value =0.0002). Healthy PBMCs had significantly lower total HPRT than Raji samples

Overall Protein Expression

relative HPRT expression. Raji cells had the third highest
expression of all cell lines evaluated, which we predicted,
as there is significant surface presentation of the enzyme
in Raji cells (Fig. 7).

Many other genes experienced a significant trend
correlating to HPRT expression (Table 1). Genes that
showed a direct positive correlation to HPRT were
XRCC2 (p-value=0.0045), BRCA1 (p-value=0.0032),
PIK3CA (p-value=0.0034), MSH2 (p-value=0.0445),
MSH6 (p-value=0.019), WDYHV1 (p-value=0.0066),
AK7 (p-value=0.0452), and BLMH (p-value=0.0498).

Genes that showed an inverse correlative relation-
ship to HPRT were PRKD2 (p-value=0.0109), PTGS2
(p-value =0.0046), TCF7L2 (p-value=0.0032), CDH1
(p-value=0.0201), IL6R (p-value=0.0054), MCIR
(p-value=0.0487), AMPD1 (p-value=0.0227), TLR6
(p-value=0.0401), and BAK1l (p-value=0.0052).
Although HPRT is not the sole contributor to these
changes in gene expression, there may be a cascading
relationship between HPRT levels and these genes as
there are general trends either towards higher expres-
sion or lower expression when HPRT is elevated within
the cells.
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Fig. 5 Flow analysis of HPRT knockdown Raji cells reveal a reduction in surface binding. Following knockdown of the HPRT gene in Raji cells, we
analyzed surface HPRT expression in both knockdown Raji and wild type Raji cells. We found that there was a significant decrease in HPRT surface
localization in the knockdown when compared to the wild type Raji cells
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Fig. 6 ALL patients show elevated surface HPRT. Patient samples were stained with Pl to discriminate against dead cells. APC conjugated secondary
antibodies were used in conjunction with protein-specific primary antibodies to stain proteins of interest. Upon evaluation of 9 ALL patient samples,
we found that 7 of them had elevated HPRT surface localization with an average fluorescent population shift of 25%. This indicates that the surface
localization observed in Raji cells is also found within patients

Low expressing B cell line shows no significant surface
localization of HPRT

In order to determine whether the elevation of HPRT
within the cell lines was contributing to the observed
surface expression, we evaluated the surface localiza-
tion of HPRT in Nalm-6 cells which have relatively
low overall expression. In these cells we found that
there was insignificant surface localization of HPRT
(p-value=0.995) when compared to isotype controls
(Fig. 8). This would indicate that the surface expression
of the protein is most likely linked to the elevated inter-
nal expression of the protein.

ALL patients experience a similar diversity of HPRT
expression as cell lines

As we saw a variety of different surface expression
profiles in patient samples, we evaluated the distribu-
tion of overall HPRT expression within patients. We
found that there was a similar spread of HPRT eleva-
tion within ALL patients with the highest expressing
patients showing levels above 10x of the lower express-
ing patients according to mRNA levels (Fig. 9). This
data along with previous data supports the hypothesis
that HPRT surface expression is impacted by elevated
overall internal mRNA and protein expression and
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Fig. 7 Gene-expression evaluation of HPRT high vs. HPRT low expression B cell lines. 79 Cancerous B cell lines are ranked on the Y-axis according to
their relative HPRT expression, which is portrayed on the righthand Y-axis. The expression of 105 cancer-associated genes are labeled on the X-axis.

The expression of each of these genes is portrayed with higher expression scaled to darker color. We found significant variability within B cell lines in
terms of HPRT expression and also identified correlative relationships between the gene expression of HPRT and other cancer-associated genes

we hypothesize that the patients who experienced an  Discussion

insignificant surface localization of the protein had a  HPRT is an enzyme that plays a critical role in the cell
lower overall expression profile compared to those cycle by providing essential nucleotides that support
that had higher levels. cell division and DNA replication. We have shown that
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Table 1 HPRT gene correlations to 109 genes in 79 human malignant B cell lines in the CCLE dataset

Gene name Gene General function p-value
Direct correlation
XRCC2 DNA repair protein involved in homologous recombination. 0.0045
Breast cancer type 1 susceptibility protein BRCA1 Tumor suppressor gene that maintains genomic stability via DNA 0.0032
damage repair, chromatin remodeling, transcriptional regulation
and apoptosis.
Phosphatidylinositol 4,5-bisphosphate 3-kinase catalytic ~ PIK3CA  Involved in cell growth, survival, proliferation, motility and morphol-  0.0034
subunit alpha ogy. Also participates in cellular signaling in response to growth
factors.
MSH2 Involved in mismatch repair system. 0.0445
MSH6 Involved in mismatch repair system. 0.019
Protein N-terminal glutamine amidohydrolase WDYHV1 Involved in the N-end rule pathway in protein degradation. 0.0066
Adenylate kinase 7 AK7 Nucleoside monophosphate kinase that transfers phosphate groups  0.0452
between nucleoside triphosphates and monophosphates.
Bleomycin hydrolase BLMH Cysteine peptidase, hydrolyzes homocysteine thiolactone 0.0598
Inverse correlation
Serine/threonine-protein kinase D2 PRKD2 Regulation of cell proliferation via MAP1/3 signaling. 0.0109
Prostaglandin G/H synthase 2 PTGS2 Production of inflammatory prostaglandins 0.0046
TCF7L2  Involved in the Wnt signaling pathway and modulates MYC expres- ~ 0.0032
sion.
Cadherin-1 CDH1 Involved in mechanisms regulating cell-cell adhesion, mobility, and ~ 0.0201
proliferation.
Interleukin-6 receptor IL6R Potent pleiotropic pro-inflammatory cytokine that regulates cell 0.0054
growth and differentiation.
Melanocyte-stimulating hormone receptor MCITR Produces melanin pigment 0.0487
AMP deaminase 1 AMPD1  Energy metabolism 0.0227
Toll-like receptor 6 TLR6 Innate immune response to Gram-positive bacteria and fungi 0.0401
Brassinosteroid insensitive 1-associated receptor kinase 1 BAK1 Controls the expression of genes associated with innate immunity in - 0.0052
the absence of pathogens or elicitors.
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Fig. 8 Expression of HPRT in NALM-6 cells. NALM-6 cells expressed lower amounts of HPRT internally and we evaluated whether that impacted the
overall surface expression of the protein. HLA antibodies were utilized as positive controls while p53 and isotype antibodies were used as negative
controls for statistical analysis. We found that there was no significant surface localization of HPRT in NALM-6 cells




Townsend et al. Cancer Cell Int (2020) 20:375

Page 12 of 15

HPRT Gene-expression level (transcripts per million)

much lower levels

ALL Patients

Fig. 9 HPRT internal cellular expression of HPRT in ALL patient samples. We evaluated the overall expression of HPRT in ALL patients to determine
whether there was similar variability in expression. We found that while some patients exhibited a high expression of HPRT, some patients showed

HPRT is significantly elevated in some patient malignan-
cies. This elevation appears to manifest via co-localiza-
tion to the plasma membrane of the cell. Yet, this surface
expression is not found on all malignant cells and we
have shown that many cell lines have significant variation
in regard to their expression of HPRT. As cell cycle regu-
lation is a common target for mutation in malignant cells,
we hypothesize that enzymes controlling the cell cycle
are the most likely contributing factor to the differential
HPRT expression within these cells [48, 49]. Addition-
ally, we hypothesize that surface presence of the enzyme
is related to an overabundance of the protein internally.
This suggests, that cell lines with an unusually high level
of HPRT will have significant surface expression of the
protein. HPRT has been known to be found in vesicles
transporting nucleosides to the plasma membrane and
functions to take up hypoxanthine. In cells deficient in
HPRT, hypoxanthine accumulates in the extracellular
medium while the ribose moiety of inosine remains in
the cell. Therefore, HPRT plays a critical role in nucleo-
side transport. Due to this role, HPRT has shown a rela-
tionship in mammalian cells to the plasma membrane,
and has a 10-fold greater tendency to remain associated
with the plasma membrane in mouse L929 cells when
compared to adenosine kinase [50]. Because nucleoside
transporters are required for translocation of nucleosides
between intracellular compartments, they are found in
the plasma membrane of most cell types. Therefore, as
cancer cells are known to abundantly secrete extracellular

vesicles [51], it is possible that the increase in vesicle
transportation and nucleoside uptake could result in
HPRT membrane localization in these cells. Additionally,
as it has been shown that other human cancer cell lines
have shown no apparent upregulation of the protein on
the surface, we do not believe HPRT is associating with
the membrane due to its release from dying cells [52]
otherwise it would be a universal phenomenon.

HPRT could be used as a cancer-associated epitope
for immunotherapy targeting as its expression is limited
to malignant cells. New epitopes are required as can-
cer is an evolving disease and adapts to avoid immune
detection [9]. There has been unprecedented success
using CD19 Chimeric Antigen Receptors to target and
kill malignant B cells [11-13, 16, 53]. Yet, this therapy is
not cancer-specific and targets healthy cells as well. As a
protein that appears to be found only on malignant cells,
HPRT could serve as a safer target for patients with B cell
malignancies, as they may maintain their healthy supply
of B cells. HPRT could also serve as a novel biomarker to
aid in increasing numbers of CD19-resistent cancers [19,
54]. Targeting HPRT could serve as an additional com-
panion target to possibly treat cells that become resistant
to current treatment regimes.

While HPRT is present on the surface of Raji cells, we
hypothesize that only cells with significantly elevated
HPRT production express the enzyme on the plasma
membrane. Screening patients for surface HPRT would
be feasible; a simple blood test would confirm whether
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a patient was positive or negative. Our data indicates
that HPRT surface localization is a relatively common
occurrence in these B cell malignancies and could be
a valuable biomarker in future therapeutic treatments
or as a companion biomarker for cancer cell identifica-
tion and classification. HPRT would not be suitable for
use as a single diagnostic due to the variable nature of
its expression between patients, but if a symptomatic
patient presented with elevated HPRT it might suggest
the presence of an underlying B cell malignancy, war-
ranting further evaluation. Thus, HPRT might be a use-
ful screening biomarker to identify patients who might
have an underlying B-cell malignancy. Future work will
need to be conducted using a larger number of patient
samples to determine whether targeting HPRT would
be technically feasible and beneficial from a therapeutic
standpoint.

While the surface expression of HPRT may be useful as
a biomarker for diagnosis and treatment, novel correla-
tions between HPRT and other genes may highlight pos-
sible regulatory roles that HPRT plays within the cell. Of
the 17 genes that had a significant correlation to HPRT
expression, 9 are involved in cellular proliferation and
DNA synthesis/repair. With this is mind, HPRT may be
responsible for additional regulation of cellular prolif-
eration outside of nucleotide synthesis and may inter-
act or direct other genes. Another possibility is that the
same genes that are regulating cellular proliferation in
these genes may also influence HPRT expression. On an
interesting note, of the 9 genes with an inverse correla-
tive relationship with HPRT expression, 4 genes (PTGS2,
IL-6R, TLR6, and BAK1) are involved in the regulation
and activation of the immune system. This may suggest
that the upregulation of HPRT could have a side effect
of downregulating the immune system. Of special inter-
est is the inverse correlation HPRT expression has with
IL-6R, which is known to play an important role in B cell
growth. IL-6 induces B cell proliferation by binding to
receptor complexes and activates the Jak/STAT signaling.
Within cancerous cells IL-6 is often upregulated in the
serum of patients and can contribute to disease stage and
shorter survival rates [55]. The exact role between HPRT
and IL-6 is not known and we speculate that the relation-
ship between the two is found in the role HPRT plays in
GTP production as Jak/STAT signaling relies on GTPases
[56]. Yet, this relationship needs further investigation to
determine how the two proteins are related.

In addition, we also noted some interesting cell lines
that have gene profiles significantly different from any
other cell line. SUDHL4, AMO1, and L428 cells appear
to have inverse gene expression to the average B cell line.
This highlights that any observed correlations between
gene expression are the result of several different
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contributing factors, and not just HPRT expression
within these cells.

Conclusions

Because HPRT is localized to the surface of malignant
lymphocytes, it has the potential to be used as a targeta-
ble biomarker for immunotherapy. As antigen escape is
emerging as a significant concern with targeted immu-
notherapy, the need to find and use new biomarkers is
always increasing. In addition, the genes that are corre-
lated with HPRT expression may elucidate a new role of
HPRT in cancer proliferation.
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