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bility of oxalate in urine, calcium oxalate 
kidney stones form in the collecting sys-
tem of the kidneys. Calcium oxalate crys-
tals in the glomerular filtrate are injurious 
to cells of the proximal renal tubules and 
are incorporated into the kidney intersti-
tium, where they cause further damage 
with loss of kidney function over time.6 
Progressive kidney damage reduces the 
capacity of the kidneys to excrete the ex-
cess oxalate. High concentration of oxalate 
in the blood then leads to calcium oxalate 
deposition in blood vessels, myocardium, 
cardiac conduction system, bone, retina, 
and other organs.5 Severe multisystem 
disease (oxalosis) ensues and can be fatal. 
AGT deficiency (PH1) accounts for 80% of 
patients with PH.7 The most severe of the 
three types, it is associated with the highest 
levels of oxalate production and the great-
est frequency of end-stage renal failure.7 
PH1 can cause irreversible renal failure 
and severe systemic oxalosis at any age, in-
cluding infancy. In most patients with re-
nal failure caused by PH, dialysis is unable 
to keep pace with daily production.8

Some patients with PH1 experience 
significant improvement or even normal-
ization of urine oxalate excretion (and thus 
presumably hepatic production) when 
receiving pharmacological doses of pyri-
doxine.9 However, for most PH1 patients, 
liver transplantation is the only effective 
method of AGT enzyme replacement. 
Combined liver and kidney transplants are 
the standard of care for PH1 patients who 
progress to end-stage renal disease. Expe-
rience in managing this challenging dis-
ease, including early initiation of pyridox-
ine and medications to inhibit crystalluria, 
attention to recurrent nephrolithiasis, and 
PH-specific management of advanced 
chronic kidney disease, has improved out-
comes.10 Nonetheless, by the fourth decade 
of life, 50% of PH1 patients will have pro-
gressed to end-stage renal failure, and by 
age 60, nearly all will have done so.7 Al-
though improvements in clinical care have 
brought benefits, no new treatments have 
emerged in over 25 years. The absence of 
effective alternatives, particularly treat-
ments that reduce hepatic oxalate produc-
tion, has been discouraging. 

The novel siRNA inhibition of GO de-
scribed in this issue is thus of considerable 
interest. The results in the rodent model 
are striking, and the technique described 
by Martin-Higueras et al.2 offers an av-
enue for development of a primate model 

20 Bish, LT Morine, K, Sleeper, MM, Sanmiguel, J, Wu, 
D, Gao, G, et al. (2008). Adeno-associated virus 
(AAV) serotype 9 provides global cardiac gene trans-
fer superior to AAV1, AAV6, AAV7, and AAV8 in the 
mouse and rat. Hum Gene Ther 19: 1359–1368.

21 DiMattia, MA, Nam, HJ, Van Vliet, K, Mitchell, M, 
Bennett, A, Gurda, BL et al. (2012). Structural insight 
into the unique properties of adeno-associated virus 
serotype 9. J Virol 86, 6947–6958.

22 Nonnenmacher, M, Cintrat, J, Gliiet, D and Weber, 
T (2015). Syntaxin 5-dependent retrograde 
transport to the trans-Golgi network is required 
for adeno-associated virus transduction. J Virol 89: 
1673–1687.

transport of recombinant adeno-associated virus vec-
tors. Gene Ther 19: 649–658.

17 Samulski, RJ and Muzyczka, N (2014). AAV-mediated 
gene therapy for research and therapeutic purposes. 
Annu Rev Virol 1: 427–451.

18 Johnson, JS,  Li, C, DiPrimio, N, Weinberg, MS, Mc-
Cown, TJ and Samulski, RJ (2010). Mutagenesis of 
adeno-associated virus type 2 capsid protein VP1 un-
covers new roles for basic amino acids in trafficking 
and cell-specific transduction. J Virol 84: 8888–8902.

19 Zincarelli, C, Soltys, S, Rengo, G and Rabinowitz, JE 
(2008). Analysis of AAV serotypes 1–9 mediated gene 
expression and tropism in mice after systemic injec-
tion. Mol Ther 16: 1073–1080.

See pages 719 and 770

siRNA Therapeutics for Primary 
Hyperoxaluria: A Beginning
Dawn S Milliner1

doi:10.1038/mt.2016.50

1Division of Nephrology, Departments of 
Pediatrics and Internal Medicine, Mayo Clinic, 
Rochester, Minnesota, USA
Correspondence: Dawn S Milliner, Division 
of Nephrology, Departments of Pediatrics and 
Internal Medicine, Mayo Clinic, 200 First Street 
SW, Rochester, Minnesota 55905, USA. E-mail: 
milliner.dawn@mayo.edu

Realization of the early promise of 
gene therapy has been elusive. Long 

and eagerly anticipated, particularly for 
orphan diseases with few available thera-
peutic alternatives, only within recent 
years have such treatments begun to reach 
phase III clinical trials.1 Two articles in 
this issue of Molecular Therapy identify 
inhibition of glycolate oxidase as a po-
tential treatment for type 1 primary hyp-
eroxaluria (PH1), an autosomal recessive 
condition in which excess oxalate pro-
duced by the liver causes kidney damage 
and severe systemic disease. Both teams 
of investigators demonstrated reduction in 
oxalate production in a mouse knockout 
model of the disease through absence or 
inhibition of glycolate oxidase (GO). He-
patic GO converts glycolate to glyoxylate, 
which is the primary substrate for produc-
tion of oxalate. Thus, substrate reduction 
was achieved. Martin-Higueras and col-
leagues2 demonstrated that the hyperox-
aluria of the AGXT knockout mouse was 
substantially reduced following double 
knockout of AGXT and GO. Dutta and col-

leagues3 approached the problem differ-
ently, using Dicer-short interfering RNA 
(Dicer-siRNA) for inhibition targeting 
hydroxyacid oxidase 1 (HAO-1) messen-
ger RNA, which encodes GO.3 Using this 
approach, they were able to demonstrate 
normalization of oxalate production in he-
patocytes of AGXT knockout mice. These 
observations suggest an innovative ap-
proach to treatment for patients with PH1 
and impart new hope for patients with PH, 
their families, and the physicians who care 
for them. This is especially true in that 
early experience with other applications 
of siRNA for treatment of human diseases, 
including amyloidosis, hypercholesterol-
emia, and a1-antitrypsin deficiency, has 
been encouraging.1,4

The primary hyperoxalurias (PHs) are 
autosomal recessive inborn errors of me-
tabolism characterized by marked hepatic 
overproduction of oxalate. Three types are 
known: PH1 is caused by deficiency of he-
patic peroxisomal alanine-glyoxylate ami-
notransferase (AGT) resulting from muta-
tions in the AGXT gene, type 2 (PH2) by 
deficiency of cytosolic and mitochondrial 
glyoxylate reductase, and type 3 (PH3) by 
deficiency of mitochondrial 4-hydroxy-
2-oxoglutarate aldolase.5 Absence or defi-
ciency of each of these enzymes results in 
marked overproduction of oxalate, which 
cannot be broken down in humans and 
must be eliminated primarily by kidney 
excretion. As a result of the relative insolu-
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with PH1 patients, including attempted 
substrate reduction using (L)-2-oxothia-
zolidine-4-carboxylate, which is converted 
to cysteine and can then form an adduct 
with glyoxylate,13 or administration of 
Oxalobacter formigenes to promote en-
teric elimination of oxalate.14 Importantly, 
safety as well as efficacy of GO inhibition 
is unknown and may have unanticipated 
effects due to alteration of metabolic path-
ways that are incompletely understood. 
Nonspecific targeting of siRNA or activa-
tion of an immune response due to the 
agent itself could complicate use of these 
agents. Other important questions arise. 
Given that a lifetime of treatment will be 
needed, how well will it be tolerated over 
time? What will be the effects of siRNA in 
growing children? If parenteral adminis-
tration is required, will that be sustainable 
over decades? Finally, comparative effec-
tiveness with enzyme replacement by liver 
transplantation will need to be established. 
Clinical trials of siRNA inhibition of GO in 
PH1 patients are anticipated within a year 
and will provide answers to at least some 
of these questions soon. One is left with 
optimism, tempered by the requirement 
for thoughtful, rigorous, and long-term 
assessment before the role of GO inhibi-
tion in treatment of PH is understood. The 
valuable contributions of Martin-Higueras 
and Dutta and their respective teams2,3 
represent a healthy beginning. 
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of PH1 for further testing of both efficacy 
and safety of this approach. Recent work 
from the Rare Kidney Stone Consortium 
suggests that even if reduction in urine 
oxalate achieved by inhibition of GO is 
partial and some degree of hyperoxaluria 
persists, there is potential to improve pa-
tient outcomes.12 In a retrospective study 
of PH patients who presented before the 
onset of end-stage renal disease, urine 
oxalate excretion rates of <1.6 mmol/1.73 
m2/day (normal range <0.45) were asso-
ciated with better preservation of kidney 
function over several decades of follow-
up than those with higher excretion rates 
(Figure 1). Although glycolate production 
increased following inhibition of GO, this 
compound did not appear to cause harm 
in the mice studied, nor in an 8-year-old 
boy recently reported with isolated and 
asymptomatic glycolic aciduria due to 
congenital absence of GO caused by loss-
of-function mutations.11 Finally, siRNA in-
hibition is now in phase II and III clinical 
trials for treatment of several other condi-
tions.1 Thus far, the efficacy of these agents 
in humans has been noteworthy, and their 
tolerability is encouraging. 

There is also reason for caution. Meta-
bolic pathways of glyoxylate generation 
and its disposition differ in rodents and 
humans, and the relative contribution of 
GO to oxalate production in humans is 
unknown. Previous proposed treatments 
that appeared effective in rodent models 
have been disappointing in clinical trials 
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Figure 1  Kaplan–Meier plots of kidney 
survival among 168 patients with prima-
ry hyperoxaluria (PH) who did not have 
end-stage renal disease (ESRD) at diagno-
sis. Patients are shown by quartile of urine 
oxalate excretion (normal <0.45 mmol/1.73 
m2/day). Patients in the highest quartile of 
urine oxalate excretion of ≥2.4 had the worst 
renal survival (42% at 20 years following diag-
nosis), compared with renal survival of 95% 20 
years following diagnosis in those who had <1.6 
mmol/1.73 m2/day. Reprinted from ref. 12.


