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Objectives: This retrospective study evaluated 1) benefits of single nucleotide
polymorphism (SNP)-based chromosomal microarrays (CMAs) in the diag-
nosis of complete hydatidiform mole (CHM) and partial HM (PHM) in
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products of conception (POC) and amniotic fluid (AF) specimens, and 2)
frequency of whole-genome uniparental disomy (wgUPD) and triploidy in
POC and AF specimens received at a US national reference laboratory. Me-
thods: We reviewed consecutive 2138 POC and 3230 AF specimens and iden-
tified the cases with wgUPD and triploidy which are associated with molar
pregnancy. Results: Of 2138 consecutive POC specimens tested, SNP-based
CMA detected wgUPD in 10 (0.47%) and triploidy in 84 (3.93%). Of the 10
wgUPD cases, 9 (90%) were confirmed as CHM. Of 3230 consecutive AF spe-
cimens, the array detected wgUPD in 1 case (0.03%) and triploidy in 11
(0.34%). Conclusions: SNP-based microarray allows detection of wgUPD in
POC and AF specimens at a US national reference laboratory. Correctly di-
agnosing HM and differentiating CHM from PHM are important for clinical
management. The effective SNP-based CMA detection of wgUPD in CHM
may enable physicians to monitor patients at risk for gestational trophoblastic
disease and neoplasm. Conventional chromosome analysis of POC has a high
failure rate, cannot be performed on formalin-fixed paraffin embedded samples,
and cannot detect wgUPD. Further multi-institutional collaborative assessment
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on accuracy, cost-effectiveness, and adequate access to SNP-based CMA, may
lead this testing platform to be considered as the first-tier analysis tool for
POC specimens, including those showing PHM or CHM.
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1. Introduction

Molar pregnancy, or hydatidiform mole (HM), is an abnormal pregnancy cha-
racterized by overgrowth of trophoblastic cells. HM can be classified into two
types: complete hydatidiform mole (CHM) and partial hydatidiform mole
(PHM). The incidence of CHM is approximately 1 per 1500 (0.07%) pregnan-
cies, while the incidence of PHM may be as high as 1 in 700 (0.14%) pregnancies
[1]. HMs can also recur as either CHM or PHM, with recurrence risk being ap-
proximately 1%; if a second mole occurs, the recurrence risk increases to ap-
proximately 20% [1].

Both CHM and PHM can develop into persistent gestational trophoblastic
disease (GTD) [2]. GTD may also transform into a gestational trophoblastic
neoplasm (GTN). GTNs have an excellent prognostic outcome following che-
motherapy, and early detection of GTD-associated genomic aberrations such as
whole-genome UPD (wgUPD) may prove vital to alert clinicians to the risk of
developing GTNSs [1] [3] [4] [5]. The risks of developing an invasive mole or
choriocarcinoma are higher for CHM (15% and 3%, respectively) than PHM
(0.5% and 0.1%, respectively) [1] [2] [6]. Thus, correctly diagnosing HM and
differentiating CHM from PHM are important for clinical management.

CHM is caused by a paternal wgUPD [1]. Paternal disomy is usually caused by
an empty ovum being fertilized by 2 sperm (23, X and 23, Y, or 23, X and 23, X)
or by a single 23, X sperm that doubles. In contrast, PHM is most often caused
by an ovum being fertilized by 2 sperm (androgenetic), yielding a triploid com-
plement; triploidy with an underlying digyny (gynogenetic) can also occur but is
caused by a diploid ovum being fertilized with a haploid sperm. PHM correlates
more strongly with androgenetic triploidy than with gynogenetic triploidy [7].
Rare cases of HM with tetraploidy have been reported in the literature [8]. Most
molar pregnancies with tetraploid cells appear to be produced by somatic endo-
reduplications, while a minority originates from a tetraploid zygote [8].

Diagnosis of HM is conventionally based on a history of lack of fetal move-
ment, a pelvic examination, an ultrasound study (US), or a blood test to look for
a high level of beta human chorionic gonadotropin (hCG) [3] [4] [9]. One dis-
advantage of the US is that pregnancies affected by some non-molar chromo-

somal abnormalities (such as paternal UPD for 11p) may demonstrate abnormal
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chorionic villous morphology that mimics an HM [10]. However, single nucleo-
tide polymorphism (SNP)-based chromosomal microarray (CMA) can detect
UPD for chromosome 11.

SNP-based CMA uses SNP data to determine the number and combination of
alleles, as well as region-of-homozygosity (ROH) status throughout the genome.
Thus, it can accurately detect both wgUPD and triploidy, in addition to sin-
gle-chromosome UPDs, chromosomal numerical abnormalities, submicroscopic
copy number variations, and consanguinity. Furthermore, SNP-based-CMA has
a very low failure rate, eliminates time required for cell culture, eliminates need
for metaphase cells, has a shorter turnaround time than chromosome study, and
can also be used with formalin-fixed paraffin embedded (FFPE) specimens from
products of conception (POC) [11] [12] [13].

Other assays used to diagnose HM have some shortcomings. Chromosome
analysis of cultured cells has been a routine practice to evaluate POC. This me-
thod can detect triploidy associated with PHM but cannot detect wgUPD asso-
ciated with CHM,; further, the chromosome analysis to evaluate POC has a test
failure rate of approximately 25% [11]. An SNP-based CMA platform can be
used to diagnose HM, but a non-SNP-based CMA can incorrectly indicate a
triploid genome as diploid because of normalization of the copy-number data.
Furthermore, a CHM evaluated with a non-SNP-based CMA would be interpreted
as a diploid genome with no insight as to the underlying wgUPD. Thus, if only con-
ventional karyotyping methods and/or copy-number-based (non-SNP-based) CMA
analyses are implemented, a CHM may be misdiagnosed as a non-molar preg-
nancy. The SNP-based CMA platform is the most informative tool to simulta-
neously evaluate dosage abnormalities (triploidy) associated with PHM, as well
as the ROH seen in wgUPD that are associated with CHM [14].

This retrospective study evaluated 1) the benefits of SNP-based CMA in the
diagnosis of CHM and PHM in POC and amniotic fluid specimens and 2) the
frequency of wgUPD and triploidy in POC and amniotic fluid specimens re-
ceived for testing with SNP-based CMA at a national reference laboratory.

2. Materials and Methods

This study included de-identified results from 2138 consecutive POC and 3230
consecutive AF specimens submitted to Quest Diagnostics to rule out genetic al-
terations.

All POC specimens (including placental and fetal tissues) were examined, dis-
sected, cleaned and rinsed 3 times in culture medium to remove maternal deci-
duous tissue before set-up for culture and direct DNA extraction from chorionic
villi or fetal parts. The amniotic fluid specimens submitted for prenatal diagnosis
were processed in accordance with standard laboratory protocols.

Genomic DNA was extracted from primarily the uncultured POC and amni-
otic fluid specimens by using standard DNA extraction methods (QIAGEN
QIAamp DNA blood mini or micro kit using QIAcube or QIAsymphony, Ger-
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mantown, MD USA). The CytoScan™ HD microarray contains over 2.67 mil-
lion probes (1.9 million copy number probes and 750,000 SNP probes), with an
average interprobe distance of 1150 base pairs (GeneChip™ probe Array, Af-
fymetrix®, Inc., Santa Clara, CA, USA; currently ThermoFisher Scientific, Life
Technologies, Carlsbad, CA, USA). These specimens were then analyzed by oli-
g0-SNP CMA (CytoScan® HD Array, Affymetrix®, Inc., Santa Clara, CA, USA;
currently ThermoFisher Scientific, Life Technologies, Carlsbad, CA USA). For
genome-wide screening, thresholds were >200 kb for gains, >50 kb for losses,
and >10 Mb for regions of homozygosity (ROH). Analysis of the results was
performed using the ChAS software.

Based on an empirical testing dataset, quality control metrics have been de-
termined by Affymetrix, currently ThermoFisher Scientific Life Technologies, as
follows: Median of the absolute values of all pairwise differences (MAPD) is a
global measure of the variation of all microarray probes across the genome. It
represents the median of the distribution of changes in log2 ratios between adja-
cent probes. Since it measures differences between adjacent probes, it is a meas-
ure of short-range noise in the microarray data. Array data with MAPD values
greater than 0.25 is inadequate to provide reliable copy number calls. Waviness
SD is a global measure of variation of microarray probes that is insensitive to
short-range variation and focuses on long-range variation. Array data with wa-
viness SD values greater than 0.12 has either sample or processing batch effects
that will reduce the quality of the copy number calls. Elevated waviness SD is not
always an indication of too much noise. Elevated waviness with acceptable
MAPD and SNPQC metrics can occur in samples with many copy number
changes or very large regions of change. It is therefore advised to check the data
when observing elevated waviness with good MAPD and SNPQC values.
SNPQC is a measure of how well genotype alleles are resolved in the microarray
data. Array data with SNPQC values less than 15 is of less quality than is re-
quired to meet genotyping QC standards.

The CytoScan® HD Array testing platform was fully validated in our setting
and externally reviewed and approved by the New York Department of Health
(non-published, internal records). The validation included intra-assay and in-
ter-assay performance assessment in abnormal result identification. In every in-
stance, the abnormality was identified. Across both inter- and intra-assay tests,
the MAPD values had a mean of 0.175 and a range of 0.151 - 0.201 (threshold <
0.25), the Waviness SD values had a mean of 0.082 and a range of 0.078 - 0.102
(threshold < 0.12) and SNPQC values had mean of 24.012 and a range of 19.249 -
27.016 (threshold > 15). Additional quality control measures include bi-annual
monitoring of performance of scanners, with replicates of a sample with a
known abnormality; in every instance the known abnormality has been con-
firmed.

All laboratory results and clinical information used in this study were anony-
mized before the authors had access to them. Thus, they were deemed exempt

from the requirement for consent.
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3. Results

Among the 2138 POC specimens tested using SNP-based microarray analysis,
wgUPD (examples in Figure 1 and Figure 2) was identified in 10 (0.47%) and
triploidy (example in Figure 3) was identified in 84 (3.93%). Thus, the preva-
lence of triploidy was 8 times higher than that of wgUPD in POC specimens
submitted for testing.

Of 10 cases of wgUPD detected in POC specimens, there was available clinical
information confirming a CHM on 8 cases with whole-genome uniparental iso-
disomy (wgUPiD) and one case with whole-genome uniparental heterodisomy
(wgUPhD). Only 4 out of the 10 cases with wgUPD had p57 [KIP2] staining in-
formation available and all four cases were reported with negative p57 [KIP2]
staining result (Table 1). CMA identified wgUPiD in 9 of these 10 specimens
and wgUPhD in the other. The case identified as wgUPhD (patient number 9 in
Table 1) was also associated with CHM, as evidenced by the appearance of hy-
dropic villi and no detectable fetus in the surgical pathology report.

Of the 84 triploidy cases detected in POC specimens, clinical information was
only available for 22. Of these 22 cases, 12 (55%) were associated with the histo-
pathological diagnosis of PHM (Supplementary Table S1). Of the remaining 10
cases, 1 was an HM without further diagnosis and 9 were inconsistent with HM.

Figure 1. An example (patient number 1 in Table 1) of complete hydatidiform mole with a female diploid karyotype. By sin-
gle-nucleotide polymorphism (SNP)-based microarray, the homozygosity bars (purple) next to every chromosome of the whole
genome indicate the presence of whole-genome uniparental isodisomy. This represents a classical way a complete hydatidiform
mole forms, in which doubling of a single 23, X sperm has occurred after fertilization with an “empty” ovum.
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Figure 2. An example (patient number 9 in Table 1) of complete hydatidiform mole with a male
diploid karyotype (as evidenced by three lines of the pseudo-autosomal region (PAR), not shown in
this image). Multiple regions of homozygosity (purple bars in variable sizes totaling 1231 MB) next
to most chromosomes were present in this SNP-based microarray data. This finding suggests that
whole-genome uniparental heterodisomy (wgUPhD) resulted from a situation where multiple

cross-over events between the paired chromosomes have occurred. This represents a rare type of fer-
tilization in which an “empty” ovum was fertilized by two sperm (X and Y) [20].
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Figure 3. An example (patient number 18 in Supplementary Table S1) of partial hydatidiform
mole with a triploid karyotype (69, XXY) in a male product of conception specimen. Note that the
copy-number state and the log2 ratio tracks (upper) of non-SNP based (copy number based) Af-
fymetrix array show two copies for all autosomes, while the SNP tracks reflect the three allele com-
binations as four tracks (AAA, AAB, ABB, BBB) (bottom) in triploidy.
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Table 1. Clinical information provided in the 10 cases positive for wgUPD (wgUPiD or wgUPhD) among 2138 consecutive prod-
uct of conception (POC) specimens analyzed with SNP-based CMA.

Patient UPD
atien PATHOLOGY RESULT hCG LEVEL (GA)  IHC p57(KIP2) RESULT ISCN NOMENCLATURE
Number TYPE
Elevated Negative stain, consistent

1 Consistent with CHM 1-22,X)x2 h UPiD
onsistent wi (GA not identified) with complete mole ar( )x2 hmz weLH

2 Consistent with CHM NA NA arr(1-22, X)x2 hmz wgUPiD

3 Consistent with CHM Elevated (12 weeks) NA arr(1-22, X)x2 hmz wgUPIiD

N thol tudy done,
4 © patioiogy study cone Normal NA arr(1-22,X)x2hmz ~ wgUPID

no information on molar pregnancy

5 Choriocarcinoma Elevated (levels not NA arr(1-22, X)x2 hmz UPiD
-22, X)x Y
provided; GA—9 weeks) g

Negative stain, consistent

6 Consistent with CHM Normal ) arr(1-22, X)x2 hmz wgUPiD
with complete mole
7 Degenerate POC; consistent with CHM NA NA arr(1-22, X)x2 hmz wgUPiD
Negati tain, istent
8 Consistent with CHM NA CEATIVE Stalll, CONSISTENt 11122, X)x2 hmz ~ wgUPID

with complete mole

arr(1-22)x2 hmz/htz, (X,

Consistent with CHM, hydropic villi and Negative stain, consistent

9 NA Y)x1 (total f ROHs > UPhD
no detectable fetus with complete mole xl (to a' Sum o $> W
5Mbis 1,231 Mb)"
Consistent with CHM tic pl ta,
jo Conssiemwl (cystic placenta, no NA NA arr(1-22, X)x2hmz ~ wgUPID

identifiable embryonic fetal tissue)

GA: gestational age; wgUPiD: whole-genome uniparental isodisomy; wgUPhD: whole-genome uniparental heterodisomy; ROH: regions of homozygosity;
NA: no information available. The hCG level was considered elevated when it was >100,000 mIU/mL. "The ISCN long form for patient number 9 in Table 1:
arr[hgl9] 1p31.1q32.1(83, 129, 232-204, 717, 211)x2 hmz, 1p36.33p36.21(882, 802-15, 195, 444)x2 hmz, 2q37.2q37.3(236, 835, 656-242, 775, 910)x2 hmz,
3p25.1q29(16, 285, 940-197, 851, 260)x2 hmz, 4p16.3q25(46, 690-111, 743, 853)x2 hmz, 4q28.3q35.2(134, 314, 405-189, 433, 290)x2 hmz, 6q16.3q26(104,
699, 789-164, 392, 986)x2 hmz, 6p25.3p22.3(184, 718-19, 705, 844)x2 hmz, 7p22.3p15.3(44, 166-21, 164, 766)x2 hmz, 7q33q36.3(134, 121, 268-159, 119,
220)x2 hmz, 7q21.11q31.1(81, 736, 266-113, 741, 105)x2 hmz, 8q24.23q24.3(139, 051, 845-146, 292, 734)x2 hmz, 9932q34.3(115, 928, 565-141, 025, 328)x2
hmz, 9p24.3p23(192, 128-10, 523, 383)x2 hmz, 9p21.3p13.2(23, 426, 270-36, 885, 919)x2 hmz, 10p15.3p13(95, 661-12, 383, 617)x2 hmz, 10p13q21.3(14, 207,
914-68, 769, 550)x2 hmz, 11p15.4q25(6, 894, 738-132, 773, 772)x2 hmz, 12p13.32q14.1(4, 984, 600-62, 871, 827)x2 hmz, 13q21.33q33.2(71, 151, 636-105,
665, 669)x2 hmz, 14q11.2q13.1(20, 511, 672-33, 537, 514)x2 hmz, 14q24.3q32.33(79, 184, 349-107, 285, 437)x2 hmz, 15q22.31q26.3(66, 089, 282-102, 429,
049)x2 hmz, 16p13.3(89, 560-7, 115, 496)x2 hmz, 18q21.1q23(45, 667, 056-78, 014, 582)x2 hmz, 19p13.3q13.43(260, 911-57, 160, 596)x2 hmz,
20p13q13.2(61, 794-51, 804, 954)x2 hmz, 21q22.2q22.3(42, 143, 502-48, 084, 820)x2 hmz, 22q11.1q12.1(16, 877, 134-27, 819, 961)x2 hmz.

Among the 3230 amniotic fluid specimens, wgUPD was identified only in 1
(0.03%) and triploidy was identified in 11 (0.34%). Thus, the prevalence of trip-
loidy was 11 times higher than that of wgUPD. Of the 11 triploidy cases, 6 had
available clinical information and 1 (17%) of these was reported to be a PHM
(Supplementary Table S2).

4. Discussion

SNP-based CMA is 100% sensitive for detection of wgUPD and triploidy. This
retrospective study of data from a national reference laboratory demonstrates
that SNP-based CMA can be used for detection of wgUPD and triploidy in POC
and AF specimens in a clinical laboratory setting. In this setting, the prevalence
of triploidy was over 8 times higher than that of wgUPD in POC specimens (4%
vs ~0.5%) and over 11 times higher in AF specimens (0.34% vs 0.03%). These
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results indicate that SNP-based CMA may allow physicians to detect wgUPD,
and thus monitor patients at risk of GTD and GTN.

Compared to POC results of another group [12], the prevalence of wgUPD in
our study was similar (0.47% vs. 0.5%), but the prevalence of triploidy in our
study was lower (3.9% vs. 6.3%). Aside from the rare recurrent CHM with a bi-
parental diploid karyotype, which is an autosomal recessive disease called famili-
al recurrent HM (FRHM) due to biallelic mutations in 2 genes: NLRP7 at
19q13.42 [15] [16], and more rarely, KHDC3L at 6q13 [17], the genetic abnor-
malities associated with cases of triploidy with PHM, and the wgUPD associated
with CHM can be reliably detected by oligo-SNP based CMA; correlation with
clinical findings, histopathological features, p57 (KIP2) immunohistochemistry,
and genotyping results may ensure accurate classification in equivocal cases [14].

One limitation of this study is that the approach may underestimate actual
occurrence rates of HM, because a substantial proportion of pregnancies in-
volving wgUPD or triploidy are likely to abort spontaneously before testing in
the first trimester. HMs, whether complete or partial, have an underlying genetic
cause. Upon the clinical suspicion of CHM, a p57 (KIP2) expression study has
been used to identify androgenetic cell lines in POC [4]. However, approximate-
ly 10% of CHM results are atypical for p57 (KIP2), which can lead to
false-negative results [5]. The histological evaluation of PHM and CHM remains
as a diagnostic challenge in certain settings and in various clinical situations [18]
[19]. On the other hand, a false-positive result can occur if paternal UPD 11p is
present, which results in loss of p57 (KIP2) expression [10]. Determination of
the underlying etiology in such cases may be difficult without a molecular assay
that can also detect UPD 11p, such as molecular genotyping with short tandem
repeat (STR) loci, or an SNP-based CMA. Xie et al. reported some cases of CHM
and PHM that were not suspected by experienced obstetricians [14]. Those un-
suspected cases were diagnosed with an SNP-based CMA; the detection of such
unsuspected cases may prove vital to alert clinicians of the risk of those patients
to develop GTN.

5. Conclusion

SNP-based microarray allowed effective detection of wgUPD in POC and AF
specimens at a US national reference laboratory. Correctly diagnosing HM and
differentiating CHM from PHM are important for clinical management. The ef-
fective SNP-based CMA detection of wgUPD in CHM may enable physicians to
monitor patients at risk for gestational trophoblastic disease and neoplasm.
Conventional chromosome analysis of POC has a high failure rate, cannot be
performed on formalin-fixed paraffin embedded samples, and cannot detect
wgUPD. Our current findings, our previously reported experience with SNP-based
arrays for analysis of POC at a national reference laboratory, and the experience
of other groups [12] [14] [21], may further pave the way towards a mul-

ti-institutional collaborative assessment on accuracy, cost-effectiveness, and
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adequate access to SNP-based CMA, which may lead this testing platform to be
considered as the first-tier analysis tool for POC specimens, including those
showing PHM or CHM.
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Supplementary

Table S1. Clinical information provided in the 22 POC cases positive for triploidy.

Patient
PATHOLOGY RESULTS hCG LEVEL ISCN NOMENCLATURE
Number
11 Chorionic villi present, consistent with PHM  Elevated arr(1-22, X)x3
12 Consistent with PHM Elevated arr(1-22, X)x3
13 Consistent with PHM N/A arr(1-22, X)x3
14 Consistent with MP N/A arr(1-22)x3, (X)x2, (Y)x1
Consistent with PHM; patient had a chorio-
15 . K N/A arr(1-22, X)x3
carcinoma and a hysterectomy in 2014.
16 Consistent with PHM Elevated arr(1-22, X)x3
17 Consistent with PHM N/A arr(1-22, X)x3
18 Consistent with PHM N/A arr(1-22)x3, (X)x2, (Y)x1
19 Consistent with PHM N/A arr(1-22, X)x3
20 Consistent with PHM N/A arr(1-22, X)x3
Immature chorionic villi present;

21 . R N/A arr(1-22, X)x3

Consistent with PHM
” Immature chorionic villi present; N/A arr(1-22, X)x3

Consistent with PHM X

I t horionic villi t;

3 mmature c or1on1.c villi presen N/A arr(1-22)x3, (X)x2, (Y)x1

Consistent with PHM
24 Not conclusive with MP N/A arr(1-22)x3, (X)x2, (Y)x1
25 Not conclusive with MP N/A arr(1-22)x3, (X)x2, (Y)x1
26 Not conclusive with MP N/A arr(1-22)x3, (X)x2, (Y)x1
27 Not conclusive with MP N/A arr(1-22, X)x3
28 Not conclusive with MP N/A arr(1-22, X)x3
29 Not conclusive with MP N/A arr(1-22, X)x3

. . arr(1-12, 14-22)x3, (13)x4,
30 Not conclusive with MP Normal
X)x2, (Y)x1

31 Not conclusive with MP Normal arr(1-22, X)x3
32 Not conclusive with MP Normal arr(1-22, X)x3

Among the 22 POC cases positive for triploidy, 12/22 (55%) were reported to be PHM, and one of the 12
cases had previously developed into choriocarcinoma. Please note that among the 6 POC cases provided
with hCG levels, 3/6 (50%) were reported to be hCG elevated.

Table S2. Clinical information provided in 6 amniotic fluid cases.

Patient ID PATHOLOGY RESULTS hCG LEVEL ISCN NOMENCLATURE
33 Consistent with PHM Elevated hCG arr(1-22, X)x3
34 Pathology of placenta normal N/A arr(1-22, X)x3

Placenta unremarkable on ultrasound;
35 K X . N/A arr(1-22)x3, (X)x2, (Y)x1
no further f/u information available
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Continued

Macerated fetal parts; no mention of

36 N/A arr(1-22)x3, (X)x2, (Y)x1
mole
Fetal demise; follow up and autopsy

37 K N/A arr(1-22, X)x3
declined

38 Termination; placenta grossly normal N/A arr(1-22, X)x3

Among the 6 amniotic fluid specimens positive for triploidy, only 1/6 (17%) was reported to be PHM-positive
and hCG-elevated. N/A: no information available.
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