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Abstract

Purpose—We set out to facilitate the molecular diagnosis of patients with PIK3CA-

related overgrowth spectrum (PROS), a heterogeneous somatic disorder characterized by
variable presentations of segmental overgrowth, vascular malformations, skin lesions, and
nephroblastomatosis, rare precursor lesions to Wilms tumor (WT). Molecular diagnosis of PROS
is challenging due to its mosaic nature, often requiring invasive biopsies.

Methods—Digital droplet polymerase chain reaction was used to analyze tissues including urine,
saliva, buccal cells, and blood, from eight patients with PROS. Further analyses were performed
on plasma and urine cell-free DNA (cfDNA).

Results—P/K3CA variants were detected in plasma cfDNA at levels up to 0.5% in 50% of tested
samples. In addition, high levels of PIK3CA variants in urine cfDNA correlated with a history of
nephroblastomatosis compared to patients without renal involvement (p<0.05).

Conclusion—Digital droplet PCR is a sensitive molecular tool that enables low-level variant
detection of PIK3CA in various tissue types, providing an alternative diagnostic method.
Furthermore, urine cfDNA is a candidate biomarker for nephroblastomatosis in PROS, which
may be useful to refine screening guidelines for tumor risk in these patients.
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INTRODUCTION

The PIK3CA-related overgrowth spectrum (PROS) is heterogeneous, including non-
syndromic macrodactyly? to life-threatening pleiotropic malformations and overgrowth?,
and others34. The PROS phenotypes are caused by somatic, gain of function P/IK3CA
variants. Similar to many mosaic syndromes, the molecular diagnosis of PROS is
challenging. The more common causative variants are strongly activating variants that are
rarely detectable in peripheral blood. These variants are more readily detected in affected
tissue biopsies, which can be challenging to collect because of expense, patient aversion, and
challenges in determining which tissues should be selected for testing. Tumor susceptibility
in PROS has been recently described in patients with nephroblastomatosis, a precursor
lesion to Wilm’s tumor (WT)26. A critical challenge in managing these patients is to
develop appropriate WT screening methods. This is especially challenging because the
variants may not be present in renal tissue in some patients, and therefore WT screening is
not appropriate. A method to identify the patients who are at risk would be extremely useful.

To approach the problems of molecular diagnosis of PROS and WT susceptibility, we
analyzed DNA from various tissues from patients with PROS to determine if we could detect
the variant in samples other than affected tissue biopsies, which is our standard approach.
We piloted variant detection in a series of samples from a group of eight patients. These
samples included 1) DNA from an affected skin biopsy, 2) peripheral blood, 3) circulating
cfDNA, 4) urine cellular DNA, 5) urine cfDNA, 6) saliva, and 7) buccal swab. To maximize
the sensitivity, we used digital droplet PCR (ddPCR), a robust analytic technique that can
identify mosaic variants as low as 0.001%’. We evaluated which samples yielded useful
ddPCR results and correlated those findings with clinical manifestations.

MATERIALS AND METHODS:

This study was approved by the NHGRI IRB. Upon consent, the study was initiated with a
broad survey of samples from eight affected patients (whole blood, urine, saliva, and cheek
swab). All were initially diagnosed with a PIK3CA variant using DNA from an affected
tissue biopsy. They had either ¢.3140A>G; p.(His1047Arg), ¢.3140A>T,; p.(His1047Leu), or
€.1624G>A,; p.(Glu542Lys) (Reference NM_003491.3). Genomic DNA was extracted from
urine (Urine DNA Isolation Kit, Norgen Biotek, Canada), saliva (Gentra PureGene Blood
Kit, Qiagen, Germantown, MD), cheek swab (Gentra Puregene Buccal Cell Kit, Qiagen),
and whole blood (Gentra PureGene Blood Kit, Qiagen). Urine and blood samples were
prepared for cFDNA extraction. Three ml of each was centrifuged at 3,000 g for 10 min at

4 °C, and resulting supernatant was subject to additional centrifugation at 3,000 g for 10
min at 4 °C. These samples were stored at —80 °C. Cell-free DNA extraction was performed
using the QIAmp Circulating Nucleic Acid Kit (Qiagen).
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Extracted DNA was quantified using Qubit fluorometry (Thermo Fischer Scientific). Each
ddPCR assay included triplicates of each sample and we limited the amount of DNA per
well to 50 ng, or in cases of lower yield, the maximal amount of DNA obtained from each
preparation. Each DNA sample was mixed with a primer pair and two TagMan probes,
FAM (mutant sequence) and HEX (wildtype sequence). Following droplet generation
(QX200 Droplet Digital PCR system, Biorad, Hercules, CA) and subsequent PCR, samples
were analyzed with a fluorescent droplet reader (Biorad), as described®. Negative controls
included DNA extracted from similar tissue types, from patients with other variants. We
used Quantasoft analysis software (Biorad) to analyze the ddPCR data, and data are
expressed as a percentage of mutant droplets to the sum of mutant + wild-type droplets
for each sample. Statistical significance was calculated using the unpaired #test, both log-
transformed and non-transformed (with zero values set to 0.1%, the lowest non-zero value
we detected in this study). Samples were tested together and on two separate time points
(unless otherwise specified). Tissues are reported as positive for the variant, if detected on
both occasions.

Digital Droplet PCR Performance

The performance of ddPCR was assessed for each probe, through serial dilutions of mutant
template with constant wildtype DNA. A positive, linear relationship was observed between
mutant DNA, and the concentration determined by ddPCR for each P/IK3CA variant (data
not shown). In accordance with the rule of threes, we set our threshold as >3 positive
droplets over the background of any wild-type, false-positive droplets.

Variant Detection using ddPCR in Various Tissues

Analysis of circulating plasma cfDNA was positive in 3/6 patients, at an average level of
<0.5% (Table 1). The variant was detected in the saliva in 1/7 of tested patients at an average
level of 0.85%. This same patient also had the variant present in buccal cells obtained

from a clinically affected cheek (6.88% average variant level). No variants were detected in
leukocytes in any of the tested patients (0/6). DNA extracted from urine cellular DNA was
positive for the PIK3CA variant in 5/8 patients, and these same patients also were variant-
positive in their urine cfDNA (Figure 1a). Patients with a history of nephroblastomatosis
had markedly increased variant levels in their urine cfDNA at levels of 20%, 35%, and

20% compared to the other patients with levels of <1% (Figure 1b). This difference

was statistically significant with untransformed values (p=0.0004) and log-transformed
values (p=0.0002). However, only two of these patients had significantly elevated levels

of mutant DNA isolated from the cellular urine component, both had a history of renal
involvement (p=0.0001). All three patients previously underwent treatment due to the risk of
nephroblastomatosis as a precursor lesion for WT.

Renal Involvement in Patients with PIK3CA Variants

Based on the wide range of variant levels in plasma and urine cfDNA samples, we
further explored the histories of these patients. Six patients were clinically evaluated and
examined at NIH (Table S1). No clinical correlation was found for patients with variant-
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positive plasma cfDNA. One patient with high urine cfDNA variant levels had a history

of nephroblastomatosis, therefore we actively recruited patients 7 and 8, who had a similar
history of renal cell involvement, previously published in Gripp et al® and Kurek et al®,
respectively. Following routine renal ultrasound imaging, patient 1 developed bilateral renal
lesions by age 2, patient 7 had evidence of unilateral lesions at 9 months, whereas patient
8 had bilateral renal lesions by 18 months of age. Initial biopsy of the renal lesions in
patient 7 showed nephrogenic rests concerning for WT. Similarly, patient 8 underwent
biopsy of a lesion on the left due to initial suspicion of nephrogenic rests on MRI imaging,
confirmed by pathology to be WT. All three patients underwent chemotherapy. Patient

1 had subsequent bilateral nephrectomies, also confirming presence of nephrogenic rests.
The lesions remained stable in patient 7 and are currently monitored radiographically.
Following initiation of chemotherapy in patient 8, the left renal lesion increased in size and
subsequently underwent unilateral nephrectomy. The lesions on the right side are stable.

DISCUSSION

We present a proof of concept study that demonstrates the potential utility of samples other
than affected tissue biopsies for molecular diagnosis of PROS, using ddPCR. The sensitivity
of ddPCR allows variant detection at levels as low as 0.001%’. The sensitivity of ddPCR
allowed us to detect low variant levels from plasma cfDNA in 50% of the patients that

were tested, with levels up to 0.5%. PIK3CA variants in these patients were not present

in leukocyte-derived DNA, however the presence of variants in the circulating plasma may
signify DNA release from apoptotic cells, from regular cell turnover. We confirm that testing
of easily accessible tissues from grossly affected areas leads to an increased variant yield,

as seen in saliva and buccal cell samples from patient 2. Analysis of plasma cfDNA in
patients with mosaicism may represent an alternative method of diagnosis in this population,
however further study is needed to validate this approach.

We found high levels of PIK3CA variants in urine cfDNA, and noted that this was correlated
with a history of nephroblastomatosis or WT compared to patients without known renal
involvement (p=0.0004). Urine cfDNA comprises both transrenal cfDNA and DNA from
renal epithelial cell shedding™®. Transrenal cfFDNA comprises 150-200 bp DNA fragments
that are filtered from plasma and likely does not contribute a significant portion to the
overall quantity of measureable urine cfDNALL Despite a similar epithelial origin of DNA
from cellular urine isolates, only two of the three patients with nephroblastomatosis had
significant amounts of the variant in their sediment. This may represent the PCR inhibitor
effect of urea and presence of alternate sources of DNA, including lymphocytes, bacteria,
viruses, and parasites!1:12, We note that patients 2 and 3 also had measurable variant levels
in their urine, however these were much lower than patients with nephroblastmatosis. We
hypothesize that it is necessary to have the P/K3CA activating variant in renal tissue at
significant levels for a patient to be at risk for WT and that analysis of urine cfDNA has

the potential to identify susceptible patients. Given the size of this study, we cannot exclude
that we have identified a spurious association of urine cfDNA and kidney tumors, and larger
studies are needed.

Genet Med. Author manuscript; available in PMC 2022 August 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Waberski et al.

Page 5

Molecular biomarkers from urine cfDNA have been shown to aid diagnosis and disease
monitoring for several conditions. Urine cfDNA can facilitate early detection/screening

for disease recurrence in bladder cancer, clear-cell renal cell carcinoma and prostate
cancer13, Urinary biomarkers have been FDA-approved for early cancer detection in prostate
and bladder cancers!4. Further applications include transplant rejection monitoring and
prenatal fetal DNA detection in maternal urinel>16, The sensitivity of ddPCR allows these
applications and enhanced diagnosis in genetic disorders, such as Pallister-Killian syndrome
and Sturge-Weber syndromel7:18,

There are several limitations to this study. The first is that it comprises a relatively

small number of patients, with samples obtained at limited time points. The PIK3CA
variants represented by this cohort were limited to common PROS variants?19, and since
ddPCR requires pre-determined variants, its use is not practical for scanning uncommon
variants. Instead, ddPCR may be useful as an initial, less-invasive screen for common
variants, followed by biopsy with standard variant scanning for those negative by ddPCR.
Furthermore, the three patients with nephroblastomatosis and/or WT underwent treatment
for renal malignancy and it is possible that the urine cfDNA levels are a consequence

of that treatment, rather than the nephroblastomatosis or WT itself. However, we do note
that the opposite is seen in other forms of renal cancer where cfDNA levels are decreased
post-treatment, and can be used as a monitoring tool3. In addition, we also note that DNA
quantity and quality differs among tissue types and our experience highlights the importance
of comparing similar tissues when using ddPCR.

We conclude that urine cfDNA analysis using ddPCR is a candidate biomarker for renal
involvement in PROS. The apparent correlation of somatic renal variant burden identified
through urine cfDNA may allow stratification for WT risk among patients with PROS.
Screening guidelines for WT are well established, but it is unclear which patients with PROS
warrant such screening. The estimated risk for WT or nephroblastomatosis in PROS may
be as high as 1.6%°, however recommendations for routine renal ultrasound screening are
not established due to the imprecision of this estimate. Without further stratification of WT
risk for PROS patients, screening of all affected patients would be burdensome and costly.
Because PROS is a mosaic disorder, we hypothesize that the only patients who have a

risk of nephroblastomatosis and WT are those with a significant burden of renal cells with
the PIK3CA activating variant. In this model, patients with significant renal variant burden
have an elevated risk of nephroblastomatosis and cancer whereas patients with variant
limited to non-renal tissues would not have such a risk. The importance of identifying these
patients is highlighted by the success in WT treatment, with long-term survival >90% for
localized disease20. A prospective study is needed to explore the variability of urine cfDNA
variant levels in patients with PROS and the correlation with renal involvement to further
assist in clinical management. Analysis of multiple tissues will assist in understanding the
natural history of PROS, properly stratifying patients for WT risk as a pathway to precision
medicine in patients with PROS.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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DDPCR results from P/K3CA variant analysis in mutant vs. wildtype urine cfDNA from

Patient 8 (p.H1047R) using 2D plot.
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PIK3CA variant isolated from urine cellular DNA and urine cfDNA in PROS patients.
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