








overlapping migration of PC1-FL and PC1-NTR from Alg92/2

cells prevents definitive conclusion. The genotype-dependent
differences in migration of both cleaved and uncleaved PC1
suggest that, in the absence of Alg9, there is altered glyco-
sylation of PC1. Enzymatic removal of N-glycans, which on
PC1-FL are all EndoH sensitive, results in identical

migration between genotypes (Figure 1B), confirming
that the faster migration of PC1-FL from Alg92/2 cells is
due to altered N-glycosylation. Finally, both the altered pro-
tein expression levels and altered glycosylation of PC1 in
Alg92 /2 cells showed expression indistinguishable
from control cells when human ALG9-GFP is re-expressed
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Figure 1. Alg9 loss causes abnormal biogenesis of PC1. (A) Immunoblots of cell lysate with anti-HA (left panel) and anti-LRR
PC1–N-terminal antibody (7e12) (right panel) show quantitative decrease in PC1–C-terminal fragment (PC1-CTF) and the mature
EndoH-resistant fraction of PC1–N-terminal fragment (PC1-NTR), as well as faster migration of PC1 full-length (PC1-FL) and the
immature EndoH-sensitive PC1–N-terminal fragment (PC1-NTS) in Alg92/2 cells compared with controls. Re-expression of human
ALG9-GFP in Alg92/2 cells rescues both the quantitative and migration differences (third lane). (B) Cell lysate was treated with EndoH
and blotted with anti-HA. The migration difference of PC1-FL between control and Alg92/2 cell lysates is eliminated after EndoH
treatment, showing that there is altered glycosylation of PC1 in the absence of Alg9. (C and D) Anti-HA immunoblots of cell lysate from
Alg92/2 cells with or without stable re-expression of human ALG9-GFP with either wild-type (ALG9) or the indicated missense variants.
The known pathogenic missense mutation, p.Y287C, and the experimental missense variant, p.R370K, do not rescue the PC1
phenotype in Alg92/2 cells. (D) The other experimental missense variants rescue the PC1 phenotypes. This bioassay identifies
p.R370K as a deleterious missense mutation and p.A232P, p.A280V, pN315S, and p.R517L as benign variants. (E) Imaging for
YU202 with ALG9-p.R370K. Serial CT scan sections show multiple small kidney cysts (arrows) many of which are likely hemorrhagic/
proteinaceous (left panel) and innumerable liver cysts (right panel).
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in Alg92/2 cells (Figure 1A). This confirms that the effects
on PC1 maturation are a specific consequence of loss of Alg9
and provides strong support for the conclusion that ALG9
is a human polycystic disease gene.

Assessment of ALG9 Missense Variants Found in
Patients with PCLD–ADPKD-NMD
We next used this system to evaluate the functional conse-
quences of the ALG9 missense variants identified in our pa-
tients (Table 1). We expected that re-expression of benign
human ALG9 missense variants would rescue PC1 properties
in Alg92/2 cells, whereas deleterious missense variants would
fail to do so. We modified the human wild-type ALG9-GFP
cDNA sequence to introduce each of the five missense muta-
tions (Table 1). In addition, we produced a clone with a known
deleterious missense variant ALG9-p.Y287C16 as a positive
control. Each cDNA was introduced into the Alg92/2 cell
line by lentiviral transduction and stably expressing cell lines
were selected. Expression of each clone was verified by GFP
epifluorescence in cell culture (data not shown). Alg92/2 cells
expressing the positive control ALG9-p.Y287C, as well as the
line expressing the patient-derived variant ALG9-p.R370K,
showed quantitatively reduced PC1-CTF and slower migrat-
ing PC1-FL indistinguishable from that seen in the Alg92/2

(Figure 1C). The Alg92/2 cells expressing ALG9-p.A232P,
ALG9-p.A280V, ALG9-p.N315S, or ALG9-p.R517L each
showed complete rescue of PC1 quantitative and qualitative
maturation defects (Figure 1D). The data indicate that,
among the rare missense mutations found in the patients,
only ALG9-p.R370K resulted in ALG9 loss of function (Table 1).
The demonstration of significant impairment of PC1 matura-
tion resulting fromALG9 exon 6 truncation or ALG9-p.R370K,
and the occurrence of these variants in patients with the
ADPKD-PCLD phenotype support these as the causative vari-
ants for these two patients in our cohort (Table 1). YU202, with
pathogenic missense variant ALG9-p.R370K, is a 56-year-old
male with clinically diagnosed PCLD (Figure 1E). His father
also had PCLD, but no genetic diagnosis. G8261813, with
ALG9-p.W227X, was diagnosed with ADPKD-NMD as an en-
rolled participant in the HALT PKD study (imaging not avail-
able). These clinical data indicate thatALG9-related disease can
span the spectrum from PCLD to ADPKD.

Genotype-First Approach To Characterize ALG9
Mutation Carriers
To evaluate these findings further, we determined the burden
of polycystic kidney and liver phenotypes in cases selected
based solely on the presence of ALG9 loss-of-function muta-
tions from a large population-based cohort in which WES
data are linked to electronic health record data.30 Among the
92,455 exomes queried, we identified 21 carriers of rare
(MAF,131023) heterozygous ALG9 loss-of-function mu-
tations (nonsense, frameshift, canonical splice, or start loss)
meeting sequence quality control thresholds (see Methods).
There were no instances of individuals with homozygous or

compound heterozygous ALG9 loss-of-function mutations.
Principle component analysis and relatedness analysis of
exome data indicated that all 21 of these patients were of
European descent and no close familial relations were present
between them. Of the 21 patients, 14 (67%) had at least one
abdominal imaging report available for evaluation. The ALG9
variants (Table 2) in these 14 individuals were confirmed by
Sanger sequencing. None carried loss-of-function mutations
in established cystic disease genes, and missense variants in
these genes were benign by in silico prediction (Supplemental
Table 1). Clinical radiology reports described kidney cysts
(n=7) or hypodensities suggestive of cysts (n=4) in these 14
patients, and liver cysts in only one. To characterize and quan-
tify these findings and determine the specificity of these
phenotypes to the ALG9 genotype in light of the sporadic oc-
currence of kidney and liver cysts in some individuals with
increasing age, we designed a case versus control analysis in
which a radiologist blinded to case-control status evaluated and
quantitated cyst burden.

Case versus Matched Control Analysis
We included 11 of the 14ALG9 cases for the case-control study.
The excluded patients include two for which only a scanned
radiology report but no digital imaging was available for re-
evaluation (MC6, MC13; Table 2). The third patient had
reached ESKD before first available imaging (MC11; Table 2).
We selected two random controls for each of the 11 remaining
cases from exome-sequenced individuals lacking any coding
region variants in PKD1 or PKD2 (MAF,231023) or other
established PCLD gene (MAF,131022); theywerematched for
six parameters: age at time of imaging, type of imaging study
including use of contrast, year of imaging, CKD stage at time of
imaging, gender, and ethnicity. We defined four or more cysts
in patients aged 50 years or more as a threshold for positive
evidence of cystic disease. This criterion was informed by Rule
et al.34 who report one, two, or three cysts of$5 mm seen in
26%, 9.8%, and 4.3%, respectively, in healthy organ donors
aged 50 or more. Four or more cysts only occurred 1.2% of
those healthy individuals.34 We assessed kidney and liver lesions
in a blinded fashion using prespecified radiographic criteria
(see Methods) for all 33 individuals (11 cases, 22 matched
controls; Supplemental Table 2; Table 2). Although matched
between cases and controls, the 33 imaging studies included
different imaging modalities with variable technical parame-
ters inherent in a cohort spanning multiple decades. In ag-
gregate, the CT exams, which were the majority of the data,
dictated that a size threshold of$8mm allowed for a definitive
application of the specified criteria for a cyst, and a minimum
size threshold of $4 mm allowed for lesions to be detectable
across all exams. As such, lesions $8 mm were classified as
either “cyst” or “indeterminate mass,” and lesions ,8 mm but
$4mmwere reported as “too small to characterize” (TSTC) per
common nomenclature. To facilitate direct comparison to the
CT data, the same TSTC thresholds were applied to the MRI
data. In contrast to CTand MRI, the concept of TSTC does not
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Table 2. Alg9 loss-of-function mutations carriers with abdominal imaging among 92,455 patients in a health system

Identifier/Gender
Nucleotide
Changea

Amino Acid Change MAF gnomAD Imaging Type (age)b Kidney Cystsc TSTCc Nephrolithiasisd eGFR (age)e

Cases in case-control analysis
Kidney cysts
MC2/F c.427C.T p.R143X Novel MRI (65) 10 18 Y 60 (65)
MC3/M c.1295C.A p.S432X Novel US (73) Innumerable — + 26 (75)
MC5/F c.1018+1G.A Splice variant Novel CT+ (86) 39f 51 Yg 38 (96)
MC7/M c.1472delA p.N491IfsTer33 Novel CT+ (69) 6 (9) 22 Y 74 (73)
MC9/F c.506dupT p.S170EfsTer24 Novel US (66) 5 — + 90 (66)
MC10/M c.883_885delCCT_insGTAAA p.P295VfsTer13 Novel CT+ (68) 9 21 Y 52 (75)
MC12/F c.511C.T p.R171X 8.13E206 CT+ (61) 4 (9) 20 — 46 (63)

One or fewer cysts
MC1/M c.1018+1G.A Splice variant Novel CT+ (42) — 1 — 50 (51)
MC4/F c.1088_1091delTCCA p.I363SfsTer52 4.06E206 CT+ (82) — — — 47 (85)
MC8/F c.3G.A Start loss Novel CT+ (37) — 1 — 72 (44)
MC14/F c.3G.A Start loss Novel MRI+ (37) 1 3 + 90 (44)

Cases not matched for case-control analysis
MC6/M c.1018+1G.A Splice variant Novel CT+ (76) Yh — 47 (78)
MC11/F c.1363C.T p.R455X 4.06E206 CT (70) Yh,i — ESKD (66)
MC13/F c.566-1G.A Splice variant 1.22E205 CT+ (49) Yh — 97 (50)

US, ultrasound.
aENST00000616540.4 (CCDS73380).
b+, with contrast.
cKidney cysts (.8 mm) and lesions TSTC (4–8 mm) as described in Methods and Results. When additional imaging allowed for recharacterization of indeterminate masses as cysts, cyst count inclusive of these is
noted in parentheses after count from originally selected image.
dNoted during blinded analysis. Y, yes; +, nephrolithiasis noted on additional CT scan if available.
eMost recent outpatient eGFR.
fAmong cases with liver imaging, this was the only case with liver cysts noted.
gPathology of bilateral nephrolithiasis demonstrated uric acid composition.
hBased on clinical radiology report.
iNative kidneys by CT 2/4 yr after transplant/ESKD.
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apply to the ultrasound data, as such findings would not be
reliably detected by that modality.

Among the 11ALG9mutation carriers (cases) analyzed in the
case-control analysis, seven (64%) had four ormore kidney cysts
(Figure 2, Table 2). None of the 22 controls met this threshold
(P,0.001; Tables 2 and 3; see Methods). The four ALG9 cases
with less than four kidney cysts included the three youngest
patients, aged 37, 37, and 42, each of whom also had at least
one TSTC in addition to the observed cysts. The fourth case was
an 82-year-old female with no cysts. Considering only the cases
and controls$50 years of age, seven of eight cases (88%) versus
none of 16 controls had four or more kidney cysts (P,0.001;
Table 3). The background occurrence of a single cyst or TSTC
was relatively common in controls (ten of 22; 45%), but signif-
icantly less than in cases (ten of 11; 91%; P=0.02). The case
versus control cyst count comparison for the selected threshold
of four or more kidney cysts remained robustly significant
(P,0.01) even when criteria were modified to include TSTCs
or any number of bilateral cysts (Table 3).

The severity of the cystic phenotype in cases is highly vari-
able between individuals. Cyst numbers ranged from zero to
innumerable kidney cysts (Figure 2, Table 2). In contrast, no
controls had more than two cysts. Cysts were bilateral in all
seven affected cases, and were mentioned in the clinical

C

MC10
c.883_885delCCT_insGTAA;

p.P295VfsTer13

B

MC5
c.1018+1G>A; splice variant

A
Right Left

MC3
c.1295C>A; p.R432X

Figure 2. Cystic kidney phenotypes in carriers of ALG9 heterozygous loss-of-function variants are of varying severity. (A) Ultrasound
long-axis views from anteroposterior sweep, and (B and C) axial CT scan sections. Quantification of lesions in all cases is presented in
Table 2.

Table 3. Case versus matched control analysis

Cyst count Cases Controls P Value

Case-control cohort n=11 n=22
Cyst count $4 7 0 ,0.001
Cysts plus TSTC combined

count $4
8 4 0.0055

Bilateral cystsa 7 2 0.0021
Subset of age over 50 n=8 n=16
Cyst count $4 7 0 ,0.001
Cysts plus TSTC combined

count $4
7 4 0.0087

Bilateral cystsa 7 2 7.531024

aBilateral cysts: at least one cyst in each kidney.
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radiology reports for all seven cases. Five of the six cases with
a finite number of cysts had 18 or more lesions of 4–8 mm
diameter, suspected to be early cysts but noted as TSTCs
(Figure 2, Table 2). The largest kidney cysts in cases ranged
from 1.2 to 4.8 cm. For two cases with four and six cysts
respectively, specific additional kidney lesions counted as
indeterminate masses could be categorically defined to be
cysts upon review of additional imaging studies (Table 2).
The liver was not imaged in the two ALG9 carriers who only
had renal ultrasound available; only one of the nine cases
with liver imaging (MC5) had liver cysts. MC5’s only par-
tially imaged liver contained two cysts, up to 1.1 cm in size,
and four TSTCs.

Therewas limitedavailabilityof familial data in this study.At
the time of YU202’s enrollment, he reported that his father had
multiple liver cysts at age 83, and mother was living and well.
For the cases in the MyCode cohort, we used the available
pedigree reconstruction from the 92,455 individuals to sup-
plement the absence of relevant family history data in clinical
charts. Only MC1 and MC3 have relatives in the cohort, a
mother and a brother, respectively, and each are noncarriers
of the respective ALG9mutations. MC3 (Figure 2A, Table 2) is
the most significantly affected case in this cohort, and notably
the brother of this individual did not share the ALG9mutation
and did not have kidney cysts on a CTscan performed at age 70.

The blinded review incidentally noted nephrolithiasis in
four ALG9 mutation carrier cases (two CT scan, one ultra-
sound, and one MRI) on the single imaging study used in
the study. This was only noted in one control (ultrasound
exam). As MRI and ultrasound are inferior for identifying
nephrolithiasis, and nephrolithiasis can be transient on imag-
ing, we performed additional chart review to consider other
available CT scans for the cases and controls. CT scan clinical
reports confirmed the nephrolithiasis found in the four cases,
and reported nephrolithiasis in an additional three cases for a
total of seven of 11 (64%) cases with digital imaging (Table 2).
Six of these seven were among the cases with multiple kidney
cysts and the seventh had one kidney cyst and three TSTCs.
The most recent CT scan clinical reports for the controls did
not describe any additional cases of nephrolithiasis, however,
we did not review every available scan for each control as this
study was not designed to make a case versus control compar-
ison for this finding. Of the remaining ten ALG9 mutation
carriers who lacked digital imaging data, there was no notation
of nephrolithiasis by International Classification of Diseases
code, an insensitive measure, nor on the imaging report for
MC6, MC11, or M13.

In aggregate, this genotype-first analysis shows a signifi-
cantly greater incidence ofmultiple kidney cysts inALG9 loss-
of-function carriers compared with individuals without this
genotype. Given the expanding availability of exome-
sequenced cohorts tied to the live electronic health record,
this genotype-first approach will be a valuable adjunct in val-
idating the pathogenicity of candidate genes for rareMendelian
disease traits.

DISCUSSION

Our study is the first to complement gene discovery in clinically
ascertained polycystic kidney and liver disease with phenotypic
characterization in genetically defined at-risk patients from
population-based exome sequencing efforts. We show the sig-
nificant benefits of combining these complementary strategies.
Recent implication and analyses of disease genes for ADPKD
and PCLD demonstrate that these clinically defined human
phenotypes are found in individuals with heterozygous muta-
tions in genes required for sufficient PC1 functional dosage. As
such, the implication and study of novel disease genes for this
genetically heterogeneous phenotype offers concrete entry
points for novel biologic investigations into PC1 function, an
entity of central importance to the design of targeted therapies
for ADPKD and PCLD–ADPKD-NMD. These phenotypes ex-
ist both mechanistically and phenotypically on more of a con-
tinuum than was realized before these studies.6–8,15 This study
adds the novel benefit of being able to detail findings in muta-
tion carriers of a disease gene independent from the influence
of the clinical polycystic cohort from which it was discovered.

The population-based ascertainment of ALG9 mutation
carriers in theMyCode cohort provides several insights. Firstly,
because human variation assures that no additional gene var-
iants would be over-represented in the carriers of ten novel or
ultra-rare ALG9 variants, it provides the strength of a random-
ized study investigating the effect of theALG9 variant alone, not
requiring a co-occurring variant.We found that the penetrance
of four or more definitive kidney cysts in individuals over age
50 with ALG9 mutations is 88% (seven of eight). The size and
number of cysts found inALG9 carriers is generally milder than
typical ADPKD, showing large variation in expressivity. ALG9
carriers show a kidney-predominant phenotype, differing from
hypothesis based on four of the six PCLD–ADPKD-NMD
disease genes encoding proteins in the ER which have been
described in patients exclusively with PCLD. This raises the
possibility that similar genotype-first analyses for other
PCLD genes related to ER biogenesis may establish whether
the stronger correlationwith PCLD is a reflection of the disease
mechanism or related to the criteria for ascertainment used in
previous discovery cohorts.3–5,7 The generally mild phenotype
in human ALG9 disease is likely determined by two factors: the
relative frequency of somatic second hit mutations inactivating
the normal copy of ALG9, and the level of damage to the PC1
functional dose that results from loss of ALG9.7

ALG9 joins two other genes, ALG8 and PMM2, implicated
in kidney and liver cyst phenotypes whose recessive loss results
in rare CDG.7,35 Kidney cystic disease attributed to PMM2
mutations is described as part of a hyperinsulinemic hypogly-
cemia and polycystic kidney disease syndrome attributed to
recessively inherited biallelic nontruncating mutations, at least
one of which is a unique promotor variant proposed to result in
decreased expression of PMM2 specifically in the pancreas,
kidney, and liver, avoiding the typical neurologic symptoms
of PMM2-CDG.35 Due to a germline recessive genotype, the
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kidney cystic phenotype in hyperinsulinemic hypoglycemia
and polycystic kidney disease does not require accrual of
somatic second hit mutations, is diagnosed at a younger
age, and affects the organ diffusely. Recessive loss of the
a-1,2-mannosyltransferase encoded by ALG9 causes the
rare ALG9-CDG. Unique from other CDGs, kidney cysts
are present in all five of five cases in which kidney examination
was included among the 12 reported cases of ALG9-CDG. The
pathogenic ALG9 missense variant p.R370K described in this
report, as well as the variants that cause ALG9-CDG (p.Y287C,
p.N527K, p.E530K; ENST00000616540.4; CCDS73380), are all
predicted to be on the ER luminal side of the ALG9 ER trans-
membrane protein.16,19,36 ALG9 functions to add specificman-
nose molecules to the assembling N-glycan precursors in the
ER lumen.17 The presence of kidney cysts in ALG9-CDG at
birth, in contrast to the age-dependent and incomplete pene-
trance in patients heterozygous for ALG9, is supportive of the
hypothesis that a cellular recessive mechanism established for
ADPKD and PCLD is required to initiate cysts due to ALG9
mutations. As the proteins encoded by ALG9, ALG8, and
PMM2 are enzymes with nonredundant roles in the assem-
bly of N-glycans, our findings suggest a requirement of
N-glycosylation in renal tubular and biliary epithelial
homeostasis.

ALG9 is now the third ER protein–encoding polycystic dis-
ease gene, after GANAB and DNAJB11, described to explain
either kidney-predominant polycystic phenotypes or
PCLD.6,8 We also reported a young female with a mutation
in ALG8 who had eight bilateral kidney cysts without liver
cysts.7 DNAJB11 is the only of these genes with reported cases
of ESKD, but this was proposed to result from tubulointersti-
tial fibrosis rather than polycystic kidney disease.8 In this
study, one ALG9 mutation carrier reached ESKD at age 66
with atrophic native kidneys containing bilateral renal cysts
on imaging 4 years after onset of ESKD. Lack of records from
earlier time points precludes drawing any conclusions in this
case. In the two ALG9 cases with the largest number of kidney
cysts (MC3, MC5), the eGFRs were 26 and 38, and the kidney
size was mildly enlarged or normal at 14/15 and 10/12 cm,
respectively. The patient we report from the HALT ADPKD
cohort, for whom imaging and organ size measurements were
not available, had an eGFR of approximately 30 ml/min at
age 60. It remains possible that ALG9 falls in the group of
ER-associated polycystic kidney disease genes that may on
rare occasions be associated with CKD, although additional
study will be required to validate this clinical association.

Thefindingofnephrolithiasis in the clinical imaging reports
of seven of 11 ALG9 carrier cases is of interest but should be
interpreted with caution. Clinical indication for CT scanning
was not noted in our analyses, therefore indication bias en-
riching nephrolithiasis in the patients who had imaging is
possible. Nonetheless, considering the unbiased denominator
of 21 ALG9mutation carriers, we can report a lifetime prev-
alence of at least 33% for nephrolithiasis in ALG9 loss-of-
function mutation carriers. This is comparable to the 28% found

in patients with ADPKD by CTscan imaging.37 Nephrolithiasis
prevalence in the United States is reported at approximately
9% when self-reported by patients,38,39 and similarly when
1220 veterans were screened with ultrasound,40 but compara-
ble CTscan studies have not been done. The available data thus
suggest that nephrolithiasis in ALG9 carriers is of similar
prevalence to that in typical ADPKD, which is considered
enriched, but that comparisons cannot be drawn to the general
population.

Our novel use of the genotype-first approach to disease gene
validation and phenotype characterization was able to uncover
a kidney-predominant cystic phenotype which would not have
been possible from our phenotypically defined cohort of
predominantly PCLD. It also allows for quantification
of additional imaging findings such as nephrolithiasis.
This approach required the initial implication of ALG9 in
phenotype-based cohorts. Although our data describe polycys-
tic kidneys and suggest that a liver-specific (PCLD) phenotype
may occur in fewer than one in 14ALG9mutation carriers, one
of our two clinically ascertained patients had PCLD, thus some
patients may manifest this way. As is the case for GANAB and
DNAJB11, and potentially other genes on the PCLD–ADPKD-
NMD spectrum, ALG9 mutations will likely explain only a
very small fraction of cases with clinically diagnosed
ADPKD. Nonetheless, ALG9 may be considered when mu-
tations in PKD1 or PKD2 are not found in mild–moderate
cases of ADPKD-NMD, as well as for PCLD and phenotypes
spanning these clinical distinctions. We suggest the genotype-
based ascertainment approach be applied to other diseases with
extensive genetic heterogeneity to help validate candidate genes
and better inform genotype-phenotype correlations and
prognostic advice in the era of precision medicine.
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