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SMARCAA4, a gene associated with the small cell carcinoma
of the ovary, hypercalcemic type (SCCOHT), appears to
be the sole ovarian cancer (OC) predisposition gene as-
sociated with a very early age at diagnosis (<40years).
To assess the role of germline pathogenic variants (PVs)
in SMARCA4 and further established OC predisposition
genes in early onset OC, we investigated a clinical cohort
of 206 unrelated index patients using an extended panel
of 25 (candidate) cancer predisposition genes. PVs in es-
tablished OC predisposition genes were most frequent
in patients with high grade serous OC (21/62, 33.9%),
rare in patients with other epithelial OC (5/74, 6.8%) or

borderline ovarian tumors (2/39, 5.1%). Their absence in
mucinous OC (0/27) supports the notion that this entity
represents a tumor phenotype not associated with PVs in
established OC predisposition genes. PVs in SMARCA4
were restricted to SCCOHT and unlikely predispose for
early onset OC other than SCCOHT.

According to the recommendations of the German
Consortium for Hereditary Breast and Ovarian Cancer
(GC-HBOC), all women diagnosed with epithelial ovar-
ian cancer (OC) before the age of 80years should have
germline genetic testing of BRCA1/2 and other OC pre-
disposition genes, irrespective of their tumor histology or
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family cancer history.! The American Society of Clinical
Oncology (ASCO) recommends genetic testing for all
women diagnosed with epithelial OC, irrespective of their
age at diagnosis (AAD), tumor histology, or family cancer
history. It was suggested by the ASCO that multigene panel
testing should cover, at minimum, ten selected OC pre-
disposition genes (BRCA1, BRCA2, BRIP1, MLHI1, MSH2,
MSH6, PMS2, PALB2, RAD51C, and RAD51D).> The prob-
ability to detect germline pathogenic variants (PVs) in the
ten selected OC predisposition genes is largely dependent
on the family cancer history, tumor histology, and AAD.
Two large clinical cohort investigations revealed an over-
all mean AAD of OC of approximately 60 years, while pa-
tients with PVs in BRCA1 and the mismatch repair genes
MSH2 and MSH6 demonstrate a statistically significant
earlier mean AAD than OC patients without.>* Germline
PVs in the selected OC predisposition genes other than
BRCAI, however, were rare in OC patients with an early
AAD of OC <40years.* In addition to the ten selected
OC predisposition genes, germline PVs causing a loss of
SMARCA4 gene function predispose for the rare small cell

TABLE 1 Key characteristics of the study sample.
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carcinoma of the ovary, hypercalcemic type (SCCOHT),
primarily affecting females under 40 years with an average
age of onset of 24-30years.”’ Based on the published liter-
ature, SMARCA4 appears to be the sole OC predisposition
gene associated with an AAD <40years. Germline PVs in
OC predisposition genes rarely associate with one tumor
phenotype only. For example, germline PVs in BRCAI as-
sociate primarily with high grade serous OC tumor pheno-
type, but also with high grade endometrioid and clear cell
OC, though with a lower PV prevalence.* Thus, our study
has two objectives. First, we aimed to assess the potential
role of germline PVs in SMARCA4 along with an extended
panel of 24 additional (candidate) cancer predisposition
genes in a clinical cohort of 206 OC patients (including
three SCCOHT index patients) with an AAD <40years.
Second, we aimed to characterize families with SMARCA4
PVs to gain more insights into SMARCA4-dependent can-
cer predisposition and progression.

Key characteristics of the overall study sample ac-
cording to the tumor classification of the WHO (https://
tumourclassification.iarc.who.int) are given in Table 1.

Mean AAD Positive cancer
(range) in family
Histological OC subtype n (%) years history (%) PV in gene n)®
Overall 206 (100.0)  31.3 (13-40) 100 (48.5) /
High grade serous® 62 (30.1) 33.1 (21-40) 27 (43.5) BRCAI (19), BRCA2 (1), BRIP1 (1), CHEK2 (2),
RAD50 (1)
Borderline ovarian tumor 39 (18.9) 29.4 (13-40) 26 (66.7) ATM (2)
Mucinous? 27 (13.1) 28.0 (19-39) 15 (55.6) MUTYH (1)
Low grade serous 26 (12.6) 31.0 (18-40) 8(30.8) FANCM (1), RAD5IC (1)
Endometroid® 15(7.3) 34.7 (26-40) 3(20.0) BRCAI (1), MLHI1 (1)
Missing 15(7.3) 35.5 (25-40) 11 (73.3) FANCM (1), MUTYH (1), MSH2 (1)
Others/unspecified 13 (6.3) 29.2 (16-36) 6(46.2) RAD5IC (1)
Clear cell 6(2.9) 30.0 (19-39) 3(50.0) BRCAI (1), FANCM (1), PMS2 (1), TP53° (1)
SCCOHT 3(1.5) 29.3 (26-35) 1(33.3) SMARCA4 (2)

Note: Unrelated index patients with an age at diagnosis (AAD) of ovarian cancer (OC)<40years and any epithelian histological OC subtype, borderline ovarian
tumors and SCCOHT were eligible for this retrospective investigation. Patients with germ cell tumors of the ovary were excluded. A total of 206 index patients
recruited between 2008 and 2020 by the Cologne Center for Familial Breast and Ovarian Cancer and cooperating Gynaecological Cancer Centers, met these
criteria; 196 patients had a personal history of OC only; 10 patients had a personal history of OC and breast cancer (BC). We retrieved histopathological data
of the OC, personal and familial OC/BC history from the centralized patient database of the German Consortium Hereditary Breast- and Ovarian Cancer (GC-
HBOC).® A positive cancer family history was defined as the existence of at least one relative with BC or OC. Written informed consent was obtained from all
patients, and ethical approval was granted by the ethics committee of the University of Cologne (07-048). Ninety-six OC patients were included in a previous
study focusing on in silico tools for the prediction of germline copy number variations.’

*The mucinous tumor phenotype was statistically significantly associated with an earlier AAD (mean 28.0years, range 19-39 years) than OC patients with
other tumor phenotypes (mean 31.5years, range 13-40years, adjusted p=0.02, two-sided t-test). Two tumor phenotypes were statistically significantly
associated with later AAD, namely the high grade serous (mean AAD 33.1 vs. 30.0years, range 21-40 vs. 13-40years; adjusted p =0.009) and the endometrioid
tumor phenotype (mean AAD 34.7 vs. 30.7 years, range 26-40 vs. 13-40years; adjusted p=0.03).

"We identified no germline pathogenic variants (PVs) in BARD1, CDHI, FAM175A, MRE11A, MSH6, NBN, PALB2, PTEN, RAD51D, STK11, and XRCC2. Nine
patients, all negative for PVs in established OC predisposition genes, carried PVs in candidate cancer predisposition genes not clearly associated with OC
(CHEK2, FANCM, MUTYH, RAD50, TP53, Table S1).

“The TP53 PV ¢.920-1G > A was detected in blood-derived DNA with a variant fraction (VF) of 47% (read coverage: 952) and with a VF of 97% (read coverage:
732) in tumor-derived DNA. Thus, this variant identified in a patient with an AAD of 19 years most likely represents a germline PV.
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Targeted next-generation sequencing (NGS) analyses
and variant classification were performed in a routine
diagnostic setting at the Center for Familial Breast and
Ovarian Cancer, Cologne, Germany (Methods in the sup-
plement). Of the 25 genes investigated, 12 were defined
as established OC predisposition genes (ATM, BRCAI,
BRCA2, BRIP1, MLH1, MSH2, MSH6, PALB2, PMS2,
RADS51C, RAD51D, and SMARCA4).>1°'2 1n the overall
study sample, 22 carriers of PVs in the BRCA1/2 genes
were identified (22/206, 10.7%), of which 21 carried PVs
in BRCAI1. All but two BRCA1/2 mutation carriers de-
veloped high grade serous tumors and a positive BRCAI
mutation status was statistically significantly associated
with this subtype (p < 1078, Fisher's exact test, Methods
in the supplement). The remaining two patients, both
BRCA1 PV carriers, developed an endometrioid and a
clear cell tumor (Table S1). A positive BRCA1 PV status
was statistically significantly associated with a later AAD
(mean 37.5years, range 31-40years) compared with OC
patients without BRCA1 PVs (mean 32.7years, range 13-
40years, p=0.003, t-test). We detected no BRCA1/2 PV in
patients with an AAD <30years (0/83), 3 BRCAI PVs in
patients with an AAD between >30 and <35years (3/61,
4.9%), and 18 BRCAI and 1 BRCA2 PVs in patients with
an AAD between >36 and <40years (19/62, 30.6%). This
is consistent with previous findings that germline PVs in
BRCAI prevail in OC patients with an AAD <40years and
PVsin both BRCA1 and BRCA2 are virtually absent in OC
patients with an AAD <30years."* With a cumulative OC
risk of 0.3% until the age of 40years for BRCA2 PV carri-
ers (vs 1.8% for BRCAI PV carriers), our study sample is
likely depleted for BRCA2 PV carriers."* A total of ten OC
patients, all BRCA1/2 negative, carried PVs in established
non-BRCA1/2 OC predisposition genes (10/206, 4.9%).
PVs in the ATM, RADS5IC, and SMARCA4 genes were
identified in two patients each, and in BRIP1, MLH]I,
MSH2, and PMS2 in one patient each (Table 1, Table
S1). PVs in BRCA1/2 and established non-BRCA1/2 OC
predisposition genes were found across all tumor pheno-
types, except mucinous carcinoma. PVs in the SMARCA4
gene were restricted to patients with SCCOHT. Two of
the three unrelated SCCOHT index patients carried ger-
mline PVs in the SMARCA4 gene (patients #1 and #2),
and complementary genetic tumor analyses suggested a
loss of the SMARCA4 wildtype alleles. The same holds
true for the affected sister of patient #2, in which the
SCCOHT tumor phenotype was confirmed in retrospect.
The third patient with a SCCOHT tumor phenotype (pa-
tient #3) showed a biallelic somatic SMARCA4 inactiva-
tion (see supplement for detailed medical cancer history
of all three SCCOHT families, including genetic test re-
sults). Witkowski et al. demonstrated that women with

SCCOHT and germline PVs present at a significantly
younger age than those without.* In line with this obser-
vation, we described here three SMARCA4 germline PV
carriers out of two families (patient #1, patient #2 and
her sister) showing an AAD of 25, 26, and 27years, re-
spectively, while a SCCOHT patient with an exclusively
somatic SMARCA4 inactivation (patient #3) had an AAD
of 35years. It has been reported that regardless of tumor
stage, most SCCOHT patients relapse and die of disease
within a comparatively short period of time, with an es-
timated one-year overall survival rate of 50% and a five-
year overall survival rate of less than 10%."°> A review of
47 cases revealed a median overall survival of 14.9 months
only, which increased to 35.3 months when SCCOHT was
diagnosed at tumor stage I.> Young et al. reported that 14
of 42 patients with stage IA disease remained well and
free of disease 1-13 (average 5.7) years postsurgery.’ In
our investigation, two patients with a stage IA disease
and a germline PV in SMARCA4 remained cancer-free
for 7years (patient #1) and Syears (patient #2), respec-
tively, following platinum-based multi-agent regimen.
Future clinical trials may assess whether SCCOHT pa-
tients with germline PVs in SMARCA4 have a better ther-
apy outcome compared with SCCOHT patients without
germline PVs in SMARCAA4.

The by far highest germline PV prevalence in estab-
lished OC predisposition genes was observed in patients
with high grade serous OC (21/62, 33.9%). In contrast,
germline PVs in established OC predisposition genes
were rare or even absent in patients with borderline (2/39,
5.1%), low grade serous (1/26, 3.8%), and mucinous (0/27)
ovarian tumors. The mucinous tumor phenotype was
highly enriched in our study sample compared with study
samples unselected for AAD, in which the proportion of
this tumor phenotype was reported to be approximately
3%.'° Norquist et al. described 16 out of 1915 OC patients
with a mucinous tumor phenotype (0.8%).* Lilyquist
et al. described 94 out of 1637 patients with OC showing
a mucinous tumor phenotype (5.7%).> Of note, the study
sample described by Norquist et al. included only a small
proportion of OC patients with an AAD <40 (51/1915;
2.7%) compared with Lilyquist et al. (748/7769; 9.6%). In
our study sample of OC patients with an AAD <40, the
mucinous tumor phenotype accounted for 13.1% (27/206).
Thus, the proportion of the mucinous tumor phenotype
appeared to be inversely correlated with the mean AAD
of the overall study sample, which is consistent with the
observation that 26% of all patients with mucinous OC
are younger than 44 years at presentation.'® An intriguing
finding is that in our study sample none of the 27 patients
with mucinous OC carried a germline PV in the estab-
lished OC predisposition genes. The same holds true for
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the 16 patients with mucinous OC described by Norquist
et al., and the nine patients with mucinous OC described
in our previously reported observational AGO-TR1 trial."
Thus, our findings support the notion that mucinous OC
represents a separate disease entity not associated with
PVs in BRCA1/2" or other established OC predisposition
genes.*

AUTHOR CONTRIBUTIONS

Natalie Herold: Data curation (equal); investigation
(equal); writing - original draft (equal); writing — review
and editing (equal). Johanna Schmolling: Data curation
(equal); resources (equal); writing — review and editing
(equal). Corinna Ernst: Data curation (lead); writing -
review and editing (equal). Beyhan Ataseven: Resources
(equal); writing - review and editing (equal). Britta
Bluemcke: Data curation (equal); writing — review and
editing (equal). Birgid Schomig-Markiefka: Resources
(equal); writing - review and editing (equal). Sebastian
Heikaus: Resources (equal); writing — review and edit-
ing (equal). Uwe-Jochen Goehring: Resources (equal);
writing - review and editing (equal). Christoph Engel:
Resources (equal); software (equal); writing — review and
editing (equal). Bjoern Lampe: Resources (equal); writing
- review and editing (equal). Kerstin Rhiem: Resources
(equal); writing - review and editing (equal). Philipp
Harter: Resources (equal); writing — review and editing
(equal). Jan Hauke: Resources (equal); writing - review and
editing (equal). Rita K. Schmutzler: Funding acquisition
(equal); resources (equal); supervision (equal); writing — re-
view and editing (equal). Eric Hahnen: Conceptualization
(lead); data curation (equal); formal analysis (equal); fund-
ing acquisition (equal); investigation (equal); methodology
(equal); project administration (equal); supervision (equal);
writing - review and editing (equal).

ACKNOWLEDGMENTS
Open Access funding enabled and organized by Projekt
DEAL.

FUNDING INFORMATION

The GC-HBOC is supported by the German Cancer Aid
(grant no 110837 and grant no 70114178, coordinator:
Rita K. Schmutzler, Cologne) and the Federal Ministry
of Education and Research (BMBF), Germany (grant
no 01GY1901). Genetic analyses were supported by the
Ko6ln Fortune Program, Faculty of Medicine, University
of Cologne, Germany. The funding sources had no role
in the design and conduct of the study; collection, man-
agement, analysis, and interpretation of the data; prep-
aration, review, or approval of the manuscript; nor in
the decision to submit the manuscript for publication.

. 15259
Cancer Medicine _ “WI LEYJ—

We acknowledge support for the Article Processing
Charge from the German Research Foundation (DFG,
491454339).

DATA AVAILABILITY STATEMENT
Data available in article supplementary material.

ORCID

Natalie Herold (@ https://orcid.org/0000-0002-4493-5807
Corinna Ernst (2 https://orcid.org/0000-0001-7756-8815
Jan Hauke @ https://orcid.org/0000-0001-8236-4075
Eric Hahnen (@ https://orcid.org/0000-0002-1152-8367

REFERENCES

1. Harter P, Hauke J, Heitz F, et al. Prevalence of deleterious
germline variants in risk genes including BRCA1/2 in con-
secutive ovarian cancer patients (AGO-TR-1). PLoS One.
2017;12:e0186043.

2. Konstantinopoulos PA, Norquist B, Lacchetti C, et al. Germline
and somatic tumor testing in epithelial ovarian cancer: ASCO
guideline. J Clin Oncol. 2020;38:1222-1245.

3. Lilyquist J, Laduca H, Polley E, et al. Frequency of mutations
in a large series of clinically ascertained ovarian cancer cases
tested on multi-gene panels compared to reference controls.
Gynecol Oncol. 2017;147:375-380.

4. Norquist BM, Harrell MI, Brady MF, et al. Inherited mu-
tations in women with ovarian carcinoma. JAMA Oncol.
2016;2:482-490.

5. Callegaro-Filho D, Gershenson DM, Nick AM, et al. Small cell
carcinoma of the ovary-hypercalcemic type (SCCOHT): a re-
view of 47 cases. Gynecol Oncol. 2016;140:53-57.

6. Tischkowitz M, Huang S, Banerjee S, et al. Small cell carcinoma
of the ovary, hypercalcaemic type - genetics, new treatment
targets and current management guidelines. Clin Cancer Res.
2020;26:3908-3917.

7. Young RH, Oliva E, Scully RE. Small cell carcinoma of the
ovary, hypercalcemic type. A clinicopathological analysis of 150
cases. Am J Surg Pathol. 1994;18:1102-1116.

8. Engel C, Wieland K, Zachariae S, et al. HerediCaRe: doc-
umentation and IT solution of a specialized registry for
hereditary breast and ovarian cancer. Gesundheitswesen.
2021;83:S12-S17.

9. Lepkes L, Kayali M, Blumcke B, et al. Performance of in silico
prediction tools for the detection of germline copy number vari-
ations in cancer predisposition genes in 4208 female index pa-
tients with familial breast and ovarian cancer. Cancers (Basel).
2021;13:118.

10. Dominguez-Valentin M, Sampson JR, Seppéld TT, et al. Cancer
risks by gene, age, and gender in 6350 carriers of pathogenic
mismatch repair variants: findings from the prospective lynch
syndrome database. Genet Med. 2020;22:15-25.

11. Yang X, Leslie G, Doroszuk A, et al. Cancer risks associated
with germline PALB2 pathogenic variants: an international
study of 524 families. J Clin Oncol. 2020a;38:674-685.

12. YangX, Song H, Leslie G, et al. Ovarian and breast cancer risks
associated with pathogenic variants in RAD51C and RADS51D.
J Natl Cancer Inst. 2020b;112:1242-1250.

858017 SUOWILLIOD aA1Ie81D) 3|qeo![dde 8Ly Aq peusenob ke sejole YO 88N JO S3INJ Joj Akeiq1T8UIIUO /8|1 UO (SUORIPUOD-PUR-SLLIBYLIOD"AB | IM AIq U1 [UO//SdNL) SUORIPUOD PUe SWie | 38U} 88S *[5202/20/T0] Uo ARiqiauljuo A8|IM ‘U0 Nz JeIsieAlun Bp *(qig Aq 129 7Ue/Z00T OT/I0p/W0d A8 |im Azl 1jpuljuo//:Sdiy Wwolj pepeoiumod ‘T ‘€202 ‘¥E9.Sr02


https://orcid.org/0000-0002-4493-5807
https://orcid.org/0000-0002-4493-5807
https://orcid.org/0000-0001-7756-8815
https://orcid.org/0000-0001-7756-8815
https://orcid.org/0000-0001-8236-4075
https://orcid.org/0000-0001-8236-4075
https://orcid.org/0000-0002-1152-8367
https://orcid.org/0000-0002-1152-8367

mll_wl LEY_Cancer Medicine

13.

14.

15.

16.

HEROLD ET AL.

Open Access.

Kuchenbaecker KB, Hopper JL, Barnes DR, et al. Risks of
breast, ovarian, and contralateral breast cancer for BRCA1 and
BRCA2 mutation carriers. JAMA. 2017;317:2402-2416.
Witkowski L, Goudie C, Ramos P, et al. The influence of clin-
ical and genetic factors on patient outcome in small cell car-
cinoma of the ovary, hypercalcemic type. Gynecol Oncol.
2016;141:454-460.

Dykgraaf RH, De Jong D, Van Veen M, Ewing-Graham PC,
Helmerhorst TJ, Van Der Burg ME. Clinical management of
ovarian small-cell carcinoma of the hypercalcemic type: a pro-
posal for conservative surgery in an advanced stage of disease.
Int J Gynecol Cancer. 2009;19:348-353.

Morice P, Gouy S, Leary A. Mucinous ovarian carcinoma.
N Engl J Med. 2019;380:1256-1266.

SUPPORTING INFORMATION
Additional supporting information can be found online in
the Supporting Information section at the end of this article.

How to cite this article: Herold N, Schmolling J,
Ernst C, et al. Pathogenic germline variants in
SMARCA4 and further cancer predisposition genes
in early onset ovarian cancer. Cancer Med.
2023;12:15256-15260. doi:10.1002/cam4.6214

858017 SUOWILLIOD aA1Ie81D) 3|qeo![dde 8Ly Aq peusenob ke sejole YO 88N JO S3INJ Joj Akeiq1T8UIIUO /8|1 UO (SUORIPUOD-PUR-SLLIBYLIOD"AB | IM AIq U1 [UO//SdNL) SUORIPUOD PUe SWie | 38U} 88S *[5202/20/T0] Uo ARiqiauljuo A8|IM ‘U0 Nz JeIsieAlun Bp *(qig Aq 129 7Ue/Z00T OT/I0p/W0d A8 |im Azl 1jpuljuo//:Sdiy Wwolj pepeoiumod ‘T ‘€202 ‘¥E9.Sr02


https://doi.org/10.1002/cam4.6214

	Pathogenic germline variants in SMARCA4 and further cancer predisposition genes in early onset ovarian cancer
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTs
	FUNDING INFORMATION
	DATA AVAILABILITY STATEMENT

	REFERENCES


