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Abstract

The major clinical manifestation of the Primary Hyperoxalurias (PH) is increased production of
oxalate, as a consequence of genetic mutations that lead to aberrant glyoxylate and hydroxyproline
metabolism. Hyperoxaluria can lead to the formation of calcium-oxalate kidney stones,
nephrocalcinosis and renal failure. Current therapeutic approaches rely on organ transplants and
more recently modifying the pathway of oxalate synthesis using SiRNA therapy. We have recently
reported that the metabolism of trans-4-hydroxy-L-proline (Hyp), an amino acid derived
predominantly from collagen metabolism, is a significant source of oxalate production in
individuals with PH2 and PH3. Thus, the first enzyme in the Hyp degradation pathway,
hydroxyproline dehydrogenase (HYPDH), represents a promising therapeutic target for reducing
endogenous oxalate production in these individuals. This is supported by the observation that
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individuals with inherited mutations in HYPDH (PRODHZ gene) have no pathological
consequences. The creation of mouse models that do not express HYPDH will facilitate research
evaluating HYPDH as a target. We describe the phenotype of the Prodh2 knock out mouse model
and show that the lack of HYPDH in PH mouse models results in lower levels of urinary oxalate
excretion, consistent with our previous metabolic tracer and siRNA-based knockdown studies. The
double knockout mouse, Gripr KO (PH2 model) and Prodh2? KO, prevented calcium-oxalate
crystal deposition in the kidney, when placed on a 1% Hyp diet. These observations support the
use of the Grhpr KO mice to screen HYPDH inhibitors /n vivo. Altogether these data support
HYPDH as an attractive therapeutic target for PH2 and PH3 patients.

Graphical abstract

£ 2000

"M ; D 4
s PH3 oulste  PH? ]
1 e :
HYPDH PSCOH AspAT  HOGA fuon 6R $
Hp — — — HOG — glyorylate — glycolate 5
________________________________________ ! 2
PH1 Peroxisome ' PH2 onalate _:
' glycine «—; glyoxylate < giycolate |~ glycolate <= glyoxylate o
\ ) b1

1. Introduction

Hydroxyproline (Hyp) is a critical component of collagen, the most abundant protein in the
body. Together with glycine and proline it contributes to its fibrillar structure. Hyp is not
incorporated into proteins by protein synthesis but is formed in situ in collagen by the
hydroxylation of proline. When collagen is broken down, free Hyp and Hyp-containing
peptides are released and degraded in both the hepatocytes and the proximal tubules of the
kidney [1]. This pathway (Fig. 1) relies upon the unique enzymes, hydroxyproline
dehydrogenase (HYPDH; previously known as HPOX and PRODH2) and 4-hydroxy-2-
oxoglutarate (HOG) aldolase (HOGAZ1), together with one enzyme shared with proline
metabolism, Al-pyrroline-5-carboxylate dehydrogenase (P5CDH) [1, 2]. We have recently
analyzed the contribution of Hyp to endogenous oxalate and glycolate synthesis in normal
individuals and those with Primary Hyperoxaluria (PH) [3]. This rare disease is caused by a
variety of genetic mutations that cause a dramatic increase in oxalate synthesis. In healthy
individuals the Hyp contribution to oxalate was 15%. Individuals with PH Type 1 (PH1),
who have a deficiency in alanine:glyoxylate aminotransferase activity (AGT), exhibited a
similar contribution of 18%. In individuals with PH2, who have a deficiency in glyoxylate
reductase (GR) activity, the Hyp contribution to oxalate was 57%. Individuals with PH3 and
a deficiency in HOGAL showed that 33% of the oxalate produced came from Hyp. Thus,
blocking the Hyp degradation pathway could be beneficial in all PH patients by reducing the
oxalate load on the kidney.

The flux of metabolites and the generation of oxalate in PH3 patients is perplexing,
especially since HOGA catalyzes the last step in Hyp metabolism to form glyoxylate. The
inactivity of HOGA should prevent oxalate formation from glyoxylate. However, in the
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absence of HOGA, HOG and its precursor 4-hydroxyglutamate accumulate [4, 5]. We and
others have proposed that the breakdown of HOG to glyoxylate, by pathways not dependent
on HOGA activity, is sufficient to cause hyperoxaluria [4, 5]. Moreover, Belostotsky et al.
have shown that the cytosol of cultured liver cells contains an aldolase activity capable of
metabolizing HOG [4]. We have shown that HOG inhibits GR activity, and this may
contribute to the hyperoxaluria in these patients [5]. While research is still needed to
understand the altered metabolism in PH3, it is clear that blocking the activity of HYPDH
would be especially beneficial for PH3 patients as the formation of HOG and all other
metabolites of the Hyp degradation pathway would be prevented.

HYPDH is localized in the mitochondrial matrix and is anchored in the inner mitochondrial
membrane [2]. Characterization of the recombinant enzyme demonstrated its specificity for
Hyp as a substrate [6]. HYPDH was originally proposed to be similar to proline
dehydrogenase (PRODH1), an enzyme involved in the activation of P53 and apoptosis [7].
This response, however, was not confirmed in a more recent study [8]. Overexpression of
PRODH1 and HYPDH in cultured cells has been shown to trigger oxidative stress through
the generation of reactive oxygen species [7, 9]. It is important to point out that individuals
that are deficient in HYPDH have no untoward effects and safely excrete any excess Hyp in
their urine [10].

To facilitate research on PH and the development of potential therapies, knockout (KO)
mouse models have been developed and include the inactivation of AGT (PH1) [11], GR
(PH2) [12], and HOGA (PH3) [13]. In this report we describe the development of a mouse
model lacking an intact ProdhZ2 gene (the HYPDH protein) and have determined its
phenotype with and without a dietary Hyp challenge. The prevention of extensive renal
oxalate deposition in mutant mice fed 1% Hyp (both HYPDH KO and GR-HYPDH KO)
supports the applicability of these models for screening HYPDH inhibitors to treat PH2 and
PH3 patients.

2. Materials and methods

2.1. Chemicals

Reagent grade chemicals were obtained from either Sigma-Aldrich Chemicals (St Louis,
MO) or Fisher Scientific (Pittsburgh, PA). Trans-4-L-hydroxyproline for feeding studies was
purchased from Sigma-Aldrich.

2.2. Animals

All studies were conducted using protocols consistent with local, state and federal
regulations as applicable, and with adherence to the NIH Guide for the Care and Use of
Laboratory Animals. All studies were approved by the Institutional Animal Care and Use
Committee at University of Alabama at Birmingham (UAB), AL. Mice were maintained in a
barrier facility with a 12 h light/dark cycle and an ambient temperature of 23 £ 1 °C and had
free access to food and water.
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2.3. Generation Prodh2 knockout mice using CRISPR/CAS methodology

CRISPR targets in exon 2 of the ProdhZ gene were chosen using the MIT CRISPR design
tool, GGCCACAAACTGCCCGTAGA (TGG) and CCTCGGTGGGTACTGCCAAC (AGG)
[14]. Single guide RNA (sgRNA) molecules were generated as described earlier [15].
Pronuclear injections into C57BL/6J zygotes were performed with a solution of sgRNAs (25
ng/ul of each guide) and Cas9 capped mRNA (50 ng/ul). Efficiency of nuclease activity of
each of the guides was first tested in blastomeres cultured from injected zygotes. The
injected zygotes were implanted into pseudo-pregnant CD1 recipients. Genomic DNA
obtained from tail biopsies of putative founder (Gg) animals and F1 lines were genotyped in-
house (at UAB) using heteroduplex mobility assay and DNA sequencing; subsequent litters
were genotyped by Transnetyx (Nashville, TN; Forward Primer Sequence —
AGAGGTTTGAGGTAGGGAGAA,; Reverse Primer Sequence —
GAAGGGTGTTCGAGAAGGAAG). Four mutant alleles were identified in Gg animals,
three of which were deletions (72 bp, 85 bp and 99 bp) spanning the two target sites
suggesting that both guides were effective in creating double strand breaks (Fig. 2A). The
fourth allele (an indel +1 bp; —15 bp) resulted from activity of the second guide. Two of the
deletion alleles (72 bp and 85 bp) were transmitted through the germline. Both alleles
showed similar phenotypes but the 85 bp deletion allele, owing to its frameshift effect, was
used in all further studies. The truncated ProdhZ2 allele produced a band of 380 bp, while the
WT allele produced a band of 467bp. These differences enabled the facile screening of the
offspring to produce the following homozygous knockout animals: Prodh2, and Grhpr
ProdhZ, and Agxt Prodh2. The generation and characterization of the Gripr KO mouse and
Agxt KO mouse have been previously described [11, 12].

2.4. Metabolic cage collections

Animals, 12-16 weeks of age, were singly housed in Techniplast mouse metabolic cages for
collection of three consecutive 24-hour urines. 24-hour urines were collected on 1 ml
mineral oil to prevent evaporation and 50 pl 2% sodium azide to prevent bacterial growth.
Animals had free access to water and a calcium-deficient, high-sucrose basal diet
(TD.130032) designed by Envigo (Madison, WI), to which calcium chloride was added at 5
mg per gram dry diet. This custom diet contains a very low background oxalate content
(12.9 + 1.1 ug oxalate per gram diet) and is devoid of Hyp. By weight, the diet contains
19.6% protein (whey protein isolate), 57.7% carbohydrate (maltodextrin and sucrose), 6.6%
fat (lard and corn oil), and 10.3% cellulose. For Hyp feeding, the custom diet was
supplemented with 1% Hyp.

2.5. Necropsy and tissue harvest

After completion of experiments, mice were anesthetized with isoflurane, and necropsy was
performed. A terminal bleed was performed by left ventricle aspiration and blood collected
in heparinized tubes. Plasma was stored at —80 °C. Liver and kidney were harvested
immediately, flash frozen and stored in liquid nitrogen. One kidney from animals fed 1%
Hyp was fixed in 4% buffered paraformaldehyde and embedded in paraffin and sectioned
with a microtome. Liver and kidney sections were stained with hematoxylin and eosin for
histopathology examination by the UAB Comparative Pathology Lab and Gnotobiotic Core.
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2.6. Sample preparation and analytical measurements

For oxalate determination, part of the urine collection was acidified to pH <2.0 by adding 50
uL 2 M HCI to 950 uL urine prior to storage at —80 °C. This treatment is necessary to
prevent oxalate crystallization that could occur with cold storage and/or oxalogenesis
associated with storage under alkaline conditions. The remaining non-acidified urine was
frozen at —80 °C for the measurement of other analytes. For measurement of plasma
glycolate, samples were first filtered through Nano-sep centrifugal filters (VWR
International, Batavia, IL) with a 10,000 nominal molecular weight limit to remove
macromolecules prior to ion chromatography coupled with mass spectrometry (ICMS;
Thermo Fisher Scientific Inc, Waltham, MA). Centrifugal filters were washed with 10 mM
HCI prior to sample filtration to remove any contaminating trace organic acids trapped in the
filter device. Plasma and urinary hydroxyproline was measured in 10% (w/v) trichloroacetic
acid extracts by the Waters AccQ.Tag method (Milford, MA) according to the
manufacturer’s instructions. Urinary creatinine was measured on a chemical analyzer, and
urinary oxalate by ICMS, as previously described [16]. Glycolate was determined by 13C,-
glycolate isotope dilution ICMS, with an AS15, 2 x 150 mm, anion exchange column
(Thermo Fisher Scientific Inc), using IC and MS settings previously described [16]. Kidney
oxalate content was determined by ICMS after grinding tissue to powder in liquid nitrogen
and extracting oxalate from powdered tissue with continuous high speed vortexing in acid
(one weight tissue + 2 volumes 1 M HCI) for 5 min at room temperature.

2.7. HYPDH protein expression levels via Western blot

Liver tissue was homogenized in iced cold RIPA buffer (Thermo Fisher Scientific Inc.) using
probe sonication. The resulting lysate was boiled in Laemmli sample buffer for 5 min. The
Western blot procedure and antibodies used have been previously described [17]. Pre-stained
Precision Plus Protein Dual Color Standards (Bio-Rad) were used as molecular weight
markers.

2.8. Expression of HYPDH in CHO cells

All cell culture reagents were purchased from Invitrogen. Full length HYPDH was cloned
into a cDNA™3.1D/V5-His/ /acZ vector with a BamHI restriction site using a pcDNA™3.1
Directional TOPO® Expression Kit (Cat # K4800-01SC). A CHO cell line expressing
HYPDH was generated by stable transformation using Lipofectamine 3000 reagent (Cat #
L.3000015) following manufacturer’s protocol. Transfected CHO cells were selected by
limiting dilution and cultured in Ham’s F12 medium (Cat # 10565-042) with 10% fetal
bovine serum and Penicillin/Streptomycin. Selection pressure was maintained by adding 800
ug/ml G418 Sulfate (Cat # 10131027) to the media [16]. Expression levels of HYPDH were
confirmed by Western Blot and found to be stable. CHO cells were received as a generous
gift from the Danpure lab [18].

2.9. Statistical analysis

All graphing and statistical analyses were conducted using GraphPad Prism v.6 (GraphPad
Software Inc., San Diego, CA). The mean of at least two 24-hr urine analyte determinations
was used to characterize excretions in each mouse. Data are expressed as mean + SD.
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Student’s #test was used to compare sex and strain differences and impact of Hyp feeding.
For some analyses, the Tukey’s honestly significant difference (HSD) multiple-comparison
tests (after one-way ANOVA) was used. The criterion for statistical significance was P <
0.05.

3. Results
3.1. HYPDH KO mice are normal.

Mice deficient in the ProdhZ2 gene product HYPDH were generated to evaluate how
preventing Hyp metabolism alters metabolite urine profiles. Multiple alleles in exon 2 of the
ProdhZ gene were generated and evaluated (Fig. 2A; see Methods for additional details).
Allele 1 was chosen to be propagated, as it contained an 85 bp deletion resulting in a
frameshift of the HYPDH protein coding sequence. For simplicity, these animals will be
referred to as the HYPDH KO mice. The HYPDH KO animals developed normally and
exhibited similar behavior to wild-type (WT) animals. Liver and kidney H&E analysis
performed by the UAB Comparative Pathology Lab and Gnotobiotic Core showed normal
histology. HYPDH KO mice, both male and female, were similar to WT mice in their weight
gain and their urinary volume and creatinine excretions (Table 1). The liver tissue lysates
lacked HYPDH expression, when compared to CHO cells that express the full-length
HYPDH protein as a positive control (Fig. 2B). As expected, the plasma Hyp and urinary
Hyp excretion levels were significantly elevated in HYPDH KO mice compared to WT
animals of both sexes (Table 1, P < 0.001).

3.2. Male HYPDH KO mice have lower urinary oxalate and glycolate levels.

The excretions of oxalate and glycolate in male WT and HYPDH KO mice are compared in
Fig. 3, using a low-oxalate, no-Hyp diet. Male HYPDH KO mice had an 18% lower urinary
excretion of oxalate compared with WT mice (P = 0.002) and a 20% lower urinary glycolate
excretion (P = 0.014). Intermediate reductions for these metabolites were not seen in the
heterozygous mice (Fig. 3). Urinary oxalate and glycolate excretions in female HYPDH KO
mice were not significantly different from WT animals (WT vs. KO, 90 £ 15vs. 79 £ 7 ug
oxalate/mg creatinine, P = 0.13; WT vs. KO, 438 + 83 vs. 360 + 64 ug glycolate/mg
creatinine; P = 0.058). A pronounced gender effect was observed with urinary glycolate
excretions. Mean excretion was 4-fold higher in WT female mice compared to WT male
mice (438 + 83 vs. 110 + 22 ug glycolate/mg creatinine, respectively; P < 0.001). This 4-
fold difference in urinary glycolate excretion was also seen between the female and male
HYPDH KO mice.

3.3. HYPDH KO lowers urinary oxalate levels in PH1 and PH2 mouse models.

In order to evaluate the contribution of Hyp metabolism to oxalate and glycolate levels in the
PH1 and PH2 mouse models, double KO animals were generated (AGT-HYPDH and GR-
HYPDH). The double HOGA-HYPDH KO model was not generated, as the HOGA KO
mouse (PH3 model) is not hyperoxaluric and does not recapitulate the human phenotype
[13].
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As previously reported [11, 12], AGT KO mice and GR KO mice had an increased urinary
oxalate excretion compared to WT mice, with male animals excreting a greater amount of
urinary oxalate compared with females (Figs. 4 & 5). This gender difference was
particularly evident between male and female AGT KO animals (males excreted 2-fold more
than females). Independent of the mouse sex or PH-causing gene deletion, the removal of
HYPDH reduced urinary oxalate excretions 18 — 30%. Despite these significant reductions,
urinary oxalate excretions were still above normal levels. Knockout of the HYPDH enzyme
also lowered urinary glycolate levels in the male and female AGT KO mice (Fig. 4),
consistent with the contribution of Hyp metabolism to glyoxylate production. It also makes
sense that with the loss in GR activity, the GR-HYPDH KO mice do not show changes in
urinary glycolate levels (Fig. 5).

3.4. HYPDH KO prevents hyperoxaluria and renal oxalosis upon 1% Hyp feeding.

Hyperoxaluria and the deposition of calcium oxalate crystals in the kidney can be induced in
mice and rats with 1% Hyp feeding [17, 19]. Hyp feeding resulted in significant differences
in urinary oxalate and glycolate excretion between WT, HTZ and KO animals (P<0.0001),
with WT and HTZ mice excreting 4 to 6-fold higher urinary oxalate and 9 to 15-fold higher
glycolate levels compared to HYPDH KO mice (Fig. 6 A & B).

To determine if the loss of HYPDH can prevent oxalate crystal deposition, male WT,
HYPDH KO, GR KO and GR-HYPDH KO mice were fed 1% Hyp for 3 weeks. Whereas
profound renal oxalosis was observed with Hyp feeding in GR KO mice, consistent with our
previous results [17], kidney oxalate levels in the HYPDH KO and GR-HYPDH KO mice
were ~4-fold and ~1,300-fold lower, respectively (Fig. 6C).

4. Discussion

Two enzymes, HYPDH and HOGA, (Fig. 1) have been shown to be unique to the Hyp
metabolic pathway shown [1]. Counter-intuitively, a deficiency in HOGA activity can
increase oxalate synthesis rather than decreasing it and was identified as the cause of PH3
[20]. PH3 was initially thought to be relatively benign, apart from an increased incidence of
calcium oxalate stone disease [21, 22]. It is now evident, however, that PH3 can be
associated with advanced kidney disease in some individuals, particularly those with other
co-morbidities [23, 24]. Moreover, carrier frequency and prevalence analyses gleaned from
available DNA databases indicate that the PH3 genotype is more prevalent than PH1 and
PH2 [25]. Whether all individuals with the PH3 genotype have hyperoxaluria, however, has
not been ascertained. There is concern that some affected individuals may be currently
unrecognized in idiopathic stone disease and chronic kidney disease populations.

Loss of HOGA enzymatic activity results in the buildup of HOG and its precursor 4-
hydroxy-glutamate in urine and plasma [5, 26, 27]. HOG has also been shown to be an
inhibitor of GR [5], which may increase oxalate synthesis by limiting the conversion of
glyoxylate to glycolate. While it is still unclear how this metabolism leads to the
hyperoxaluric PH3 phenotype, it is clear that blocking Hyp metabolism by inhibiting
HYPDH activity would prevent the formation of glyoxylate, oxalate and all precursors
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including HOG. In the current study, we evaluated the metabolic consequences of deleting
the HYPDH protein in mouse models of PH.

Consistent with the deletion of HYPDH in humans, the knockout of the ProdhZ2 gene in mice
had no effect on viability, litter sizes, and behavior. The only consequence of the absence of
HYPDH enzymatic activity was a high level of Hyp in urine and plasma (Table 1). When
challenged with 1% Hyp diet, the knockout of HYPDH prevents the elevation of urinary
oxalate and glycolate (Fig. 6). This finding indicates that complete absence of HYPDH
expression in the kidney and liver is required to prevent hyperoxaluria in this extreme
challenge model. These findings also support the notion that HYPDH is the only enzyme
that is capable of performing the first step of the Hyp degradation pathway. The absence of
HYPDH in male mice lowered urinary oxalate and glycolate excretions by 18% and 20%,
respectively (Fig. 3), when on a diet low in oxalate and lacking Hyp. These results are
consistent with the endogenous contribution of Hyp catabolism to oxalate in male mice
(22%) [28]. These findings indicate other sources of oxalate and glycolate remain to be
identified. These sources could include glyoxal [29], phosphoglycolate [30], and ascorbic
acid [31]. In normal individuals and PH patients of both sexes, the contribution of Hyp to
urinary oxalate ranges from 14-47% [3]. Therefore, we were surprised to observe that the
deletion of HYPDH in the female mice did not lower urinary oxalate. This latter finding may
be related to the lower plasma hydroxyproline (Table 1), pronounced elevation of glycolate
production (Table 1) and other metabolic differences in kidney function between male and
female mice. Extensive studies are needed to further understand these sex differences in
mice. Sex differences have not been consistently observed or extensively evaluated in
individuals with PH and have not been reported in European or US PH registries. It was
reported that there was no sex difference in the progression to ESRD in the US registry
[Zhao F, Bergstralh EJ et al CJASN]. Reasons for this may pertain to the variability in
excretions observed in individuals of the same genotype as discussed by Hopp et al. [25].

Importantly, 18-30% reductions in urinary oxalate and glycolate (Figs. 4 & 5) were
observed in the male and female, double knockout mice (AGT-HYPDH and GR-HYPDH)
on the low-oxalate diet. These reductions in urinary oxalate did not reach the normal range,
but nonetheless would represent a significant improvement for PH1 and PH2 patients. The
protective effect of the HYPDH KO is further demonstrated by blocking renal oxalosis on
the 1% Hyp challenge diet (Fig. 6). Therefore, use of a 1% Hyp diet in HYPDH KO and
GR-HYPDH mice should be useful in identifying and validating HYPDH inhibitors that
prevent the early stages of calcium oxalate tissue deposition. It should also be noted that for
PH3 patients, monitoring the reduction in urinary and plasma levels of HOG, 4-
hydroxyglutamate, and dihydroxyglutarate, may also prove to be useful for validation and
efficacy studies.

Based on the studies presented herein and the available metabolic tracer studies in humans,
inhibition of HYPDH should be of therapeutic benefit to PH2 and PH3 patients [3]. Further
support for HYPDH as a molecular target extends from the absence of any pathology in
humans who do not express HYPDH [10]. Even the modest reduction in urinary oxalate
level afforded to a PH1 patient by HYPDH targeting should be considered, especially given
the interrelationship between glyoxylate and glycolate metabolism. The rationale for PH2
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and PH3 patients is stronger because of the fact that Hyp metabolism and glyoxylate
metabolism occurs in the kidney and liver. This contrasts with PH1 patients, where the
metabolic consequences of the AGT defect are liver centric. Given the significantly elevated
levels of glycolate in PH1 patients, it is intriguing to speculate that the current GO-targeted
siRNA approach by Alnylam Pharmaceuticals [32] may benefit from blocking the
production of glycolate via HYPDH inhibition. In a similar manner, blocking the flow of
Hyp metabolites to glyoxylate and oxalate may also prove to be useful in ongoing trials by
Dicerna Pharmaceuticals that target LDHA [33]. A broader question of interest is why the
Hyp catabolic pathway has been preserved, given that the loss of HYPDH activity in mice
and human is well tolerated. Cooper et al. suggested it may act as a sensor of excessive
extracellular matrix degradation and trigger apoptosis [7]. Recent studies have also shown
that Hyp can be degraded in the gut by common anaerobic microbes, suggesting that a
symbiotic relationship may exist [34]. Taken together, this discussion points to the need for
future studies in evaluating the Hyp degradation pathway, especially as it relates to PH.

Acknowledgements

The technical assistance of Song Lian Zhou, Alexander Dowell, and Michelle Bui was greatly appreciated. This
work was supported by NIH grants DK54468 (Holmes), DK83527 (Holmes/Lowther), DK115833 (Wood),
DK114332 (Fargue), Wake Forest Technology Development Program Fund (“Catalyst Fund”), and the Oxalosis and
Hyperoxaluria Foundation. Services provided in this publication through the University of Alabama at Birmingham
Transgenic & Genetically Engineered Models (TGEMS) facility (R.A.K.) are supported by NIH National Cancer
Institute Grant P30CA13148, NIH National Institute of Arthritis and Musculoskeletal and Skin Diseases Grant
P30AR048311, and NIH NIDDK Grants P30 DK074038, P30 DK05336, and P60 DK079626.

References

[1]. Phang JM, Hu CA, Valle D, Disorders of proline and hydroxyproline metabolism, in: Scriver CR,
Beaudet AL, Sly WS, Vallee D, Childs B, Kinzler KW, Vogelstein B (Eds.) The Metabolic and
Molecular Bases of Inherited Disease, McGraw-Hill, New York, 2001, pp. 1821-1838.

[2]. Adams E, Frank L, Metabolism of proline and the hydroxyprolines, Annu Rev Biochem, 49 (1980)
1005-1061. [PubMed: 6250440]

[3]. Fargue S, Milliner DS, Knight J, Olson JB, Lowther WT, Holmes RP, Hydroxyproline metabolism
and oxalate synthesis in primary hyperoxaluria, J Am Soc Nephrol, 29 (2018) 1615-1623.
[PubMed: 29588429]

[4]. Belostotsky R, Pitt JJ, Frishberg Y, Primary hyperoxaluria type 111--a model for studying
perturbations in glyoxylate metabolism, J Mol Med, 90 (2012) 1497-1504. [PubMed: 22729392]

[5]. Riedel TJ, Knight J, Murray MS, Milliner DS, Holmes RP, Lowther WT, 4-Hydroxy-2-
oxoglutarate aldolase inactivity in primary hyperoxaluria type 3 and glyoxylate reductase
inhibition, Biochim Biophys Acta, 1822 (2012) 1544-1552. [PubMed: 22771891]

[6]. Summitt CB, Johnson LC, Jonsson TJ, Parsonage D, Holmes RP, Lowther WT, Proline
dehydrogenase 2 (PRODH2) is a hydroxyproline dehydrogenase (HYPDH) and molecular target
for treating primary hyperoxaluria, Biochem J, 466 (2015) 273-281. [PubMed: 25697095]

[7]. Cooper SK, Pandhare J, Donald SP, Phang JM, A novel function for hydroxyproline oxidase in
apoptosis through generation of reactive oxygen species, J Biol Chem, 283 (2008) 10485-10492.
[PubMed: 18287100]

[8]. Raimondi I, Ciribilli Y, Monti P, Bisio A, Pollegioni L, Fronza G, Inga A, Campomenosi P, P53
family members modulate the expression of PRODH, but not PRODHZ2, via intronic p53
response elements, PlosOne, 8 (2013) e69152.

[9]. Hu CA, Donald SP, Yu J, Lin WW, Liu Z, Steel G, Obie C, Valle D, Phang JM, Overexpression of
proline oxidase induces proline-dependent and mitochondria-mediated apoptosis, Mol Cell
Biochem, 295 (2007) 85-92. [PubMed: 16874462]

Biochim Biophys Acta Mol Basis Dis. Author manuscript; available in PMC 2021 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Buchalski et al. Page 10

[10]. Staufner C, Haack TB, Feyh P, Gramer G, Raga DE, Terrile C, Sauer S, Okun JG, Fang-
Hoffmann J, Mayatepek E, Prokisch H, Hoffmann GF, Kolker S, Genetic cause and prevalence of
hydroxyprolinemia, J Inherit Metab Dis, 39 (2016) 625-632. [PubMed: 27139199]

[11]. Salido EC, Li XM, Lu Y, Wang X, Santana A, Roy-Chowdhury N, Torres A, Shapiro LJ, Roy-
Chowdhury J, Alanine-glyoxylate aminotransferase-deficient mice, a model for primary
hyperoxaluria that responds to adenoviral gene transfer, Proc Natl Acad Sci U S A, 103 (2006)
18249-18254. [PubMed: 17110443]

[12]. Knight J, Holmes RP, Cramer SD, Takayama T, Salido E, Hydroxyproline metabolism in mouse
models of primary hyperoxaluria, Am J Physiol Renal Physiol, 302 (2012) F688-693. [PubMed:
22189945]

[13]. Li X, Knight J, Lowther WT, Holmes RP, Hydroxyproline metabolism in a mouse model of
Primary Hyperoxaluria Type 3, Biochem Biophys ACTA, 1852 (2015) 2700-2705. [PubMed:
26428388]

[14]. Ran FA, Hsu PD, Wright J, Agarwala V, Scott DA, Zhang F, Genome engineering using the
CRISPR-Cas9 system, Nat Protoc, 8 (2013) 2281-2308. [PubMed: 24157548]

[15]. Challa AK, Boitet ER, Turner AN, Johnson LW, Kennedy D, Downs ER, Hymel KM, Gross AK,
Kesterson RA, Novel hypomorphic alleles of the mouse tyrosinase gene induced by CRISPR-
Cas9 nucleases cause non-albino pigmentation phenotypes, PloS One, 11 (2016) e0155812.
[PubMed: 27224051]

[16]. Fargue S, Knight J, Holmes RP, Rumsby G, Danpure CJ, Effects of alanine:glyoxylate
aminotransferase variants and pyridoxine sensitivity on oxalate metabolism in a cell-based
cytotoxicity assay, Biochim Biophys Acta, 1862 (2016) 1055-1062. [PubMed: 26854734]

[17]. Jiang J, Johnson LC, Knight J, Callahan MF, Riedel TJ, Holmes RP, Lowther WT, Metabolism of
[13C5]hydroxyproline in vitro and in vivo: implications for primary hyperoxaluria, Am J Physiol
Gastro Liver Physiol, 302 (2012) G637-643.

[18]. Behnam JT, Williams EL, Brink S, Rumsby G, Danpure CJ, Reconstruction of human hepatocyte
glyoxylate metabolic pathways in stably transformed Chinese-hamster ovary cells, Biochem J,
394 (2006) 409-416. [PubMed: 16309382]

[19]. Khan SR, Glenton PA, Byer KJ, Modeling of hyperoxaluric calcium oxalate nephrolithiasis:
experimental induction of hyperoxaluria by hydroxy-L-proline, Kidney Int, 70 (2006) 914-923.
[PubMed: 16850024]

[20]. Belostotsky R, Seboun E, Idelson GH, Milliner DS, Becker-Cohen R, Rinat C, Monico CG,
Feinstein S, Ben-Shalom E, Magen D, Weissman I, Charon C, Frishberg Y, Mutations in
DHDPSL are responsible for primary hyperoxaluria type 111, Am J Hum Genet, 87 (2010) 392—
399. [PubMed: 20797690]

[21]. Hoppe B, Beck BB, Milliner DS, The primary hyperoxalurias, Kidney Int, 75 (2009) 1264-1271.
[PubMed: 19225556]

[22]. Monico CG, Persson M, Ford GC, Rumsby G, Milliner DS, Potential mechanisms of marked
hyperoxaluria not due to primary hyperoxaluria I or 1., Kid Intl, 62 (2002) 392-400.

[23]. Richard E, Blouin JM, Harambat J, Llanas B, Bouchet S, Acquaviva C, de la Faille R, Late
diagnosis of primary hyperoxaluria type 111, Ann Clin Biochem, 54 (2017) 406-411. [PubMed:
27742850]

[24]. M’Dimegh S, Aquaviva-Bourdain C, Omezzine A, Souche G, M’Barek I, Abidi K, Gargah T,
Abroug S, Bouslama A, HOGA1 gene mutations of primary hyperoxaluria type 3 in Tunisian
patients, J Clin Lab Anal, 31 (2017) e22053.

[25]. Hopp K, Cogal AG, Bergstralh EJ, Seide BM, Olson JB, Meek AM, Lieske JC, Milliner DS,
Harris PC, Phenotype-genotype correlations and estimated carrier frequencies of primary
hyperoxaluria, J Am Soc Nephrol, 26 (2015) 2559-2570. [PubMed: 25644115]

[26]. Pitt JJ, Willis F, Tzanakos N, Belostotsky R, Frishberg Y, 4-hydroxyglutamate is a biomarker for
primary hyperoxaluria type 3, JIMD reports, 15 (2015) 1-6. [PubMed: 24563386]

[27]. Williams EL, Bockenhauer D, van’t Hoff WG, Johri N, Laing C, Sinha MD, Unwin R, Viljoen A,
Rumsby G, The enzyme 4-hydroxy-2-oxoglutarate aldolase is deficient in primary hyperoxaluria
type 3, Nephrol Dial Transplant, 27 (2012) 3191-3195. [PubMed: 22391140]

Biochim Biophys Acta Mol Basis Dis. Author manuscript; available in PMC 2021 March 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Buchalski et al.

[28].

[29].
[30].
[31].

[32].

[33].

[34].

Page 11

Li X, Knight J, Fargue S, Buchalski B, Guan Z, Inscho EW, Liebow A, Fitzgerald K, Querbes W,
Todd Lowther W, Holmes RP, Metabolism of (13)C5-hydroxyproline in mouse models of
Primary Hyperoxaluria and its inhibition by RNAI therapeutics targeting liver glycolate oxidase
and hydroxyproline dehydrogenase, Biochim Biophys Acta, 1862 (2016) 233-239. [PubMed:
26655602]

Lange JN, Wood KD, Knight J, Assimos DG, Holmes RP, Glyoxal formation and its role in
endogenous oxalate synthesis, Adv Urol, 2012 (2012) 819202. [PubMed: 22567004]

Knight J, Hinsdale M, Holmes RP, Glycolate and 2-phosphoglycolate content of tissues measured
by ion chromatography coupled to mass spectrometry, 421 (2012) 121-124.

Knight J, Madduma-Liyanage K, Mobley JA, Assimos DG, Holmes RP, Ascorbic acid intake and
oxalate synthesis, Urolithiasis, 44 (2016) 289-297. [PubMed: 27002809]

Liebow A, Li X, Racie T, Hettinger J, Bettencourt BR, Najafian N, Haslett P, Fitzgerald K,
Holmes RP, Erbe D, Querbes W, Knight J, An investigational RNAI therapeutic targeting
glycolate oxidase reduces oxalate production in models of primary hyperoxaluria, J Am Soc
Nephrol, 28 (2017) 494-503. [PubMed: 27432743]

Lai C, Pursell N, Gierut J, Saxena U, Zhou W, Dills M, Diwanji R, Dutta C, Koser M, Nazef N,
Storr R, Kim B, Martin-Higueras C, Salido E, Wang W, Abrams M, Dudek H, Brown BD,
Specific inhibition of hepatic lactate dehydrogenase reduces oxalate production in mouse models
of Primary Hyperoxaluria, Mol Ther, 26 (2018) 1983-1995. [PubMed: 29914758]

Huang Y'Y, Martinez-Del Campo A, Balskus EP, Anaerobic 4-hydroxyproline utilization:

Discovery of a new glycyl radical enzyme in the human gut microbiome uncovers a widespread
microbial metabolic activity, Gut Microbes, 9 (2018) 437-451. [PubMed: 29405826]

Biochim Biophys Acta Mol Basis Dis. Author manuscript; available in PMC 2021 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Buchalski et al.

Page 12

Highlights
. Hydroxproline metabolism contributes to oxalate production

. Hydroxyproline dehydrogenase (HYPDH) is a target for treating primary
hyperoxaluria

. Deletion of HYPDH in mice increases hydroxyproline in urine and plasma
. Urine oxalate and glycolate levels can be lowered by deletion of HYPDH

. Loss of HYPDH can protect GRHPR KO mice from calcium oxalate crystal
formation
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Figure 1.
Hydroxyproline metabolism in hepatocytes and deficiencies associated with Primary

Hyperoxaluria. Abbreviations: hydroxyproline dehydrogenase (HYPDH), Al-pyrroline-5-
carboxylate dehydrogenase (1P5CDH), aspartate aminotransferase (AspAT), 4-hydroxy-2-
oxoglutarate (HOG), 4-hydroxy-2-oxoglutarate aldolase (HOGAL), lactate dehydrogenase
(LDH), glyoxylate reductase (GR), glycolate oxidase (GO).
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Figure 2.

Confirmation of Prodh2 mouse KO. Panel A: Genetic analysis of CRISPR-Cas9-derived
alleles. Allele 1 was propagated to generate homozygous mice; see text for additional
details. The sequences highlighted in blue are the CRISPR targets and those in red are the
PAM sites. Panel B: Western blot analysis to confirm loss of HYPDH protein. Left panel,
pre-stained markers. Right panel, Western blot; Lane 1, Chinese Hamster Ovary cultured
cells (CHO). Lane 2, Recombinant human HYPDH (truncated protein; core domain residues
157-515; 40 kDa). Lane 3, wildtype mouse liver. Lane 4, Prodh2 KO mouse liver. Lane 5,
CHO cells overexpressing full-length HYPDH (50 kDa). Arrow indicates full length
HYPDH protein.
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24-hour urine analyses for HYPDH mouse variants. Panel A: Male mice with wildtype
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(WT), heterozygous (HTZ) or homozygous (KO) for the deletion of the HYPDH protein.
Panel B: Female mice with the same genotypes. Abbreviations used: oxalate (OXA),
glycolate (GLC). Abbreviations used: oxalate (OXA), glycolate (GLC). Different capitalized
letters indicate the significance (P < 0.05) of Tukey’s honestly significant difference (HSD)
multiple-comparison tests (after one-way ANOVA); see main text for details and P values.
Bars represent means + SD; n= 6 — 14. The percentage reduction relative to the WT animals

are indicated where significant.
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Urinary excretions of AGT KO mice with and without HYPDH expression. Panel A:
Oxalate and glycolate urine levels for male mice. Panel B: the same metabolites for female
mice. *P < 0.05 between AGT KO and AGT-HYPDH KO animals analyzed by Student t-
test. Bars represent means + SD; n = 7 — 21. Dotted line represents mean excretions of WT
animals.
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Figure 5.

Urinary excretions of GR KO mice with and without HYPDH expression. Panel A: Oxalate
and glycolate urine levels for male mice. Panel B: the same metabolites for female mice. *P
< 0.05 between GR KO and GR-HYPDH KO animals analyzed by Student t-test. Bars

represent means + SD; (n = 7 — 10). Dotted line represents mean excretions of WT animals.
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Figure 6.

Assessment of hyperoxaluria and oxalate crystal deposition in a variety of mouse strains fed
1% Hyp. Panel A: 24-hour urine analyses for male mice with wildtype (WT), heterozygous
(HTZ) or homozygous (KO) for the deletion of the HYPDH protein. Panel B: Female mice
with the same genotypes. Panel C: Kidney oxalate levels in male WT, HYPDH KO, GR KO,
and GR-HYPDH KO mice following 1% Hyp feeding for 3 weeks. Different capitalized
letters indicate the significance (P < 0.05) of Tukey’s honestly significant difference (HSD)
multiple-comparison tests (after one-way ANOVA); see main text for details and P values.
Bars represent means + SD; n =5 — 6. The dotted lines represent urinary excretions of WT

mice not fed 1% Hyp.
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Plasma and 24-h urine parameters on custom-purified, low-oxalate diet in WT and HYPDH KO mice.

Table 1.

Group MALE FEMALE

WT HYPDH KO P value WT HYPDH KO P value
N 13 9 14 6
Age (weeks) 15+2 14+2 0.75 16+2 16+2 0.79
Body weight (g) 28+3 26+1 0.13 21+1 20+0.8 0.50
24 hr Urine volume (ml) 22+04 25+04 0.11 1.8+04 20+0.6 0.36
24 hr Urinary Creatinine (mg) 0.45+0.05 045+0.03 0.71 0.32+0.08 0.30+0.03 0.64
24-hr Urinary Hyp (ug) <19 992 + 303 <0.001 <19 466 + 94 <0.0001
Plasma Hyp (uM) 2343 479+90  <0.001 22+3 360+45  <0.001

Results presented are means + SD.
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