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ARTICLE

The piRNA-pathway factor FKBP6 is essential
for spermatogenesis but dispensable for control
of meiotic LINE-1 expression in humans

Margot J. Wyrwoll,1,23 Channah M. Gaasbeek,2,3,4,23 Ieva Golubickaite,5,6,7 Rytis Stakaitis,5,6,8

Manon S. Oud,2,3 Liina Nagirnaja,5 Camille Dion,9,10 Emad B. Sindi,11 Harry G. Leitch,9,10,12

Channa N. Jayasena,11 Anu Sironen,13,14 Ann-Kristin Dicke,1 Nadja Rotte,1 Birgit Stallmeyer,1

Sabine Kliesch,15 Carlos H.P. Grangeiro,16 Thaı́s F. Araujo,17 Paul Lasko,2,18 Genetics of Male Infertility
Initiative (GEMINI) consortium, Kathleen D’Hauwers,19 Roos M. Smits,4 Liliana Ramos,4

Miguel J. Xavier,20 Don F. Conrad,5 Kristian Almstrup,21,22 Joris A. Veltman,20 Frank Tüttelmann,1

and Godfried W. van der Heijden4,*
Summary
Infertility affects around 7% of the male population and can be due to severe spermatogenic failure (SPGF), resulting in no or very few

sperm in the ejaculate. We initially identified a homozygous frameshift variant in FKBP6 in a man with extreme oligozoospermia. Sub-

sequently, we screened a total of 2,699 men with SPGF and detected rare bi-allelic loss-of-function variants in FKBP6 in five additional

persons. All six individuals had no or extremely few sperm in the ejaculate, which were not suitable for medically assisted reproduction.

Evaluation of testicular tissue revealed an arrest at the stage of round spermatids. Lack of FKBP6 expression in the testis was confirmed by

RT-qPCR and immunofluorescence staining. In mice, Fkbp6 is essential for spermatogenesis and has been described as being involved in

piRNA biogenesis and formation of the synaptonemal complex (SC). We did not detect FKBP6 as part of the SC in normal human sper-

matocytes, but small RNA sequencing revealed that loss of FKBP6 severely impacted piRNA levels, supporting a role for FKBP6 in piRNA

biogenesis in humans. In contrast to findings in piRNA-pathway mouse models, we did not detect an increase in LINE-1 expression in

men with pathogenic FKBP6 variants. Based on our findings, FKBP6 reaches a ‘‘strong’’ level of evidence for being associated with male

infertility according to the ClinGen criteria, making it directly applicable for clinical diagnostics. This will improve patient care by

providing a causal diagnosis and will help to predict chances for successful surgical sperm retrieval.
Introduction

Male infertility, which affects around 7% of all men, is in

half of all cases due to decreased sperm counts,1 called oli-

gozoospermia. Extreme oligozoospermia, of which crypto-

zoospermia is a subform, is defined as themost severe form

of oligozoospermia with less than 100,000 sperm cells pre-

sent per mL of ejaculate.2 This condition forms a contin-

uum with azoospermia, in which the ejaculate lacks sperm

completely. Both can be observed in the same individual

in repeated semen analyses. The two conditions are

commonly due to severe spermatogenic failure (SPGF).3

Sperm detected in the ejaculate of men with SPGF are
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not always suitable for medically assisted reproduction

(MAR), as they may be necrotic or may have major

morphological abnormalities. In this case a testicular bi-

opsy with the aim of testicular sperm extraction (TESE) is

offered to the man. SPGF can be due to arrests at specific

stages of spermatogenesis, e.g., during meiosis (meiotic ar-

rest; MeiA) or downstream of meiosis during spermiogen-

esis, resulting in round spermatid arrest (RsA).4 Under

these circumstances, TESE is unlikely to be successful and

the chance to father a child is diminutive.

After andrological work-up, the majority of persons with

SPGF remain without a causal diagnosis.1 While not exten-

sively evaluated diagnostically in most persons, genetics
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are known to play a major role in SPGF.5 Various genes

have been described to be associated with impaired sper-

matogenesis. Of interest for this work specifically are bi-

allelic variants in the piRNA gene PNLDC1 which were

recently described in four azoospermic men, suggesting a

direct mechanistic effect of faulty piRNA processing during

spermatogenesis in men.6 The piRNA pathway consists of

PIWI (P element induced wimpy testis)-interacting

RNAs (piRNAs), PIWI proteins (PIWIL1, PIWIL2, PIWIL3

and PIWIL4), and accessory proteins. The piRNAs lend

sequence specificity to the RNA-processing PIWI proteins.

Complexed with a piRNA as a guide, PIWI proteins can

degrade specific transcripts and delay or induce mRNA

translation (PIWIL1 and PIWIL2) or direct DNA methyl-

ation (PIWIL3 and PIWIL4).7–10 The two canonical

functions of the pathway are the control of transposable

elements (TEs) in both the fetal and adult testis11–14 and

the translational regulation of protein coding genes in

the adult testis.8,15–17

piRNAs derive from long non-coding RNAs transcribed

from genomic piRNA clusters that are processed into piR-

NAs (primary biogenesis) or can be derived from untrans-

lated regions of mRNAs in a ping-pong amplification

to enhance their numbers (secondary processing).7,18

Whereas both primary and secondary processing

contribute to the piRNA pool in fetal male germ cells, in

adult male germ cells piRNAs are primarily generated via

primary biogenesis.19

In the adult testis, three classes of piRNAs, which differ

in their expression pattern and sequence content, have

been identified: pre-pachytene, pachytene, and hybrid.

The pre-pachytene piRNAs are directed more towards TE

control whereas the pachytene piRNAs are more involved

in regulating post-meiotic gene expression.7,15–17 Knock-

out (KO) mouse models for genes encoding proteins

involved in the piRNA biogenesis have shown that virtu-

ally all of these proteins are essential for spermatogenesis

in mice as most of these mice models exhibit male specific

infertility due to MeiA or RsA.7,18,20 In humans, bi-allelic

variants in the piRNA biogenesis-related genes TDRD7,

TDRD9, PNLDC1, and MOV10L1 have been identified in

infertile men with (partial) MeiA so far.6,21–23

Another gene, FKBP Prolyl Isomerase Family Member 6

(Fkbp6 [MIM: 604839]), has been linked to the secondary

piRNA biogenesis in fetal male mouse germ cells.24 In

male rodents and Drosophila, inactivation of Fkbp6 or its

ortholog results in a severe reduction of piRNA production,

leading to an increased expression of TEs and infer-

tility.24,25 Fkbp6 belongs to the FK506 Binding Protein

family, characterized by an FKBP domain which has a pep-

tidyl-propyl cis-trans isomerase activity.26 In FKBP6, this

domain has lost this ability.24 Downstream is a tetratrico-

peptide repeat (TPR) domain, which facilitates protein-pro-

tein interactions, especially with heat shock proteins.24,27

In accordance, in mice, Fkbp6 has been shown to bind

the heat shock protein Hsp90, which is involved in the

piRNA pathway.28 Furthermore, Fkbp6 also directly
The American Jo
interacts with central piRNA components Miwi (Piwil1),

Miwi2 (Piwil4), and Tdrd1, which are known to be essen-

tial for piRNA biogenesis.24,29,30 Prior to the discovery of

the piRNA pathway, murine Fkbp6 was identified as a

component of the synaptonemal complex (SC).31 In

male mice, loss of Fkbp6 results in impaired meiosis and

subsequent azoospermia, presumably due to incomplete

chromosomal synapsis, whereas female mice are fertile.31

Still, it remains unclear whether the observed impairment

of chromosomal synapsis in male mice occurs in the

context of impaired piRNA biogenesis.

Here, we present data that introduces FKBP6 as an essen-

tial gene for human spermatogenesis.We describe six unre-

lated individuals in which bi-allelic pathogenic variants in

FKBP6 are the most likely causal explanation for their

observed SPGF.
Subjects and methods

Exome sequencing in RU02135 and his parents
RU02135 and his wife attended the fertility center at Radboudumc

because of the couple’s infertility. Semen analysis revealed extreme

oligozoospermia, whereas no reason for infertility was found in his

wife. Exome sequencing for scientific purposes was performed on

DNA from RU02135 and his parents. Exome library preparation

was performed using Twist Human Core Exome Kit and dual-in-

dexed with the Twist Universal Adapters (Twist Biosciences).

Sequencing was performed using the NovaSeq 6000 platform,

Genomics Core Facility of the Faculty of Medical Sciences at

Newcastle University, UK. Read mapping and SNV and CNV call-

ing were performed as described earlier.32 Homozygosity calling

was performed using RareVariantVis.33

Filtering strategy in RU02135 and his parents
The exome sequencing data were filtered for non-synonymous

coding variants or splice site variants that were present in >5

variant sequencing reads and were present in >15% of reads

covering that locus. A minor allele frequency (MAF) of <0.01

was used for autosomal variants, for gonosomal variants we used

<0.001 according to gnomAD,34 NCBI dbSNP and to our in-house

database (containing >15,000 alleles). Data were screened for

genes with compound heterozygous variants or homozygous var-

iants that were present heterozygous in both parents, genes with

de novo mutations, and genes with maternally inherited X-linked

variants. The quality of all prioritized variants was manually

curated in the Integrative Genomics Viewer 2.435 and classified ac-

cording to the ACMG-AMP guidelines.36 Prioritized variants

(Table S1) were validated by Sanger sequencing. As a control

cohort, we used exome-sequencing data of 11,587 fertile parents

(5,784 fathers and 5,803 mothers) sequenced at the Radboudumc

Genome Diagnostics Centre in Nijmegen, the Netherlands, as

previously described.37

Exome sequencing in the MERGE, Imperial, and GEMINI

cohort
Three additional cohorts of infertile men were investigated to

identify affected individuals with bi-allelic variants in FKBP6.

The MERGE cohort comprises 1,671 men with various infertility

phenotypes as well as small group of fertile control men. Most
urnal of Human Genetics 109, 1850–1866, October 6, 2022 1851



men of this cohort are azoospermic (n¼ 1,043) or severe oligozoo-

spermic (n ¼ 386). Exome sequencing and bioinformatics analysis

in the MERGE cohort were performed as previously described.38

The GEMINI cohort comprises 1,011 men diagnosed with

spermatogenic failure. The vast majority of these men has unex-

plained NOA, while genetic causes have been identified in some

of them.6,32,37,39–42 Exome sequencing in the GEMINI cohort

was performed as previously described.32

The Imperial cohort comprises 17 infertilemenwho are all azoo-

spermic. Exome sequencing in the Imperial cohort was performed

as described in the supplemental methods.

We screened the exome-sequencing data of the MERGE,

GEMINI, and Imperial cohort for stop-gain, splice site, and

missense variants in FKBP6, with a MAF <0.01 according to the

gnomAD database (v.2.1.1).

Sanger sequencing validation was performed for all FKBP6 vari-

ants according to local standard procedures. If DNA from family

members was available for segregation analysis, this was done by

Sanger sequencing. The respective primer sequences can be found

in the supplemental methods. Relatedness between RU02135,

M2546, and M2548 was estimated using the Somalier tool.43

The effect of splice site variants was investigated with the mini-

gene assay (supplemental information).
Variant and gene assessment
The FKBP6 variants were assessed according to the ACMG-AMP

criteria,36 adapted by the recommendations of the ClinGen

Sequence Variant Interpretation Working Group.44,45 Based on

the literature and our data, we assessed the clinical validity of

FKBP6 in the context of male infertility according to the criteria

established by the ClinGen working group.46
Ethical approval
Allpersonsgavewrittenconsent compliantwith local requirements.

Exome sequencing inRU02135was approved by the RadboudUMC

Institutional Review Board (Ref. No. NL50495.091.14 version 5).

The MERGE study protocol was approved by the Münster Ethics

Committees/Institutional Review Boards (Ref. No. Münster: 2010-

578-f-S) in accordance with the Helsinki Declaration of 1975.

The study protocol of the GEMINI cohort was approved by the

Ethics Committee of all its collaborative centers: IRB protocols

#201107177 and #201109261 for Washington University in St.

Louis, USA; IRB_00063950 for University of Utah, USA; PTDC/

SAU-GMG/101229/2008 for Porto, Portugal; and approvals from

human ethics committees of Monash Surgical Day Hospital,

Monash Medical Centre and Monash University, Australia. The

study protocol of the Imperial cohort was approved by the West

London&GTACResearchEthicsCommittee (Ref.No. 14/LO/1038).
FKBP6 transcript isoforms and FKBP6 antibody
According to GTEx FKBP6 encodes seven hypothetical transcript

isoforms of which four are expressed as protein: (1) ENST00

000252037.5, (2) ENST00000431982.6, (3) ENST00000442793.5,

and (4) ENST00000413573.6. Transcript 1 is the canonical one and

differs from transcript 2 and 3 in the first exon whereas transcript 4

lacks the third exon. The transcript per kilobase million (TPM) for

these four transcripts are respectively 38.31, 19.44, 16.73, and 4.22

(GTEx). The commercial antibody against FKBP6 used in this study

is a mouse monoclonal antibody raised against a peptide spanning

amino acid (aa) 1–108 of transcript 1. The precise location of the

epitope is unknown. The first 19 aa of this peptide, representing
1852 The American Journal of Human Genetics 109, 1850–1866, Oct
exon 1, are not shared with transcript 2 and 3 but the remaining

89 aa are.

Meiotic analyses
The meiotic status of spermatocytes was determined by (1) DAPI

staining, (2) antibody staining against gH2AX, and (3) location

of the cell in the seminiferous epithelium. To ensure that only

meiotic prophase I (MPI) cells were counted in the quantification

of apoptotic cells, we excluded apoptotic cells close to the basal

lamina (likely spermatogonia); apoptotic cells with condensed

chromosomes (likely meiotic metaphases); and apoptotic cells

with a smaller nucleus, closer to the lumen (likely spermatids).

To detect meiotic metaphases, an antibody against histone

H3S10ph, a marker of ‘‘mitotic’’ chromatin, was used. Only

H3S10ph-positive cells closer to the lumen of the seminiferous tu-

bules were taken into account. Further information is available in

the supplemental methods.

RNA extraction
RNA from FFPE samples of RU02135, of the controls C13-1336 and

C12-841, and of RU02092, who is affected by a homozygous

PNLDC1 variant (GenBank: NM_173516.2; c.607�2A>T), was ex-

tracted using Recover All Total Nucleic Acid Isolation Kit for FFPE

(Invitrogen, Cat. #AM1975). RNA from snap-frozen testicular tis-

sues of the controls SSC764, M2350, and M2676 and individuals

M1400, M2546, and M2548 was extracted using Direct-zol RNA

Microprep kit (Zymo Research, Cat. #R2062).

The quantity and quality of the isolated RNAwere assessed with

Qubit RNA High Sensitivity kit (Inivitrogen, Cat. #Q32852) and

Agilent RNA Nano kit (Agilent, Cat. #55067-1512), respectively.

Real time-qPCR
cDNA was synthesized by reverse transcription of RNA using

AffinityScript qPCR cDNA Synthesis Kit (Agilent, Cat. #600559) or

Superscript IV First-Strand Synthesis System Kit (Invitrogen, Cat.

#18091050). Real time (RT)-qPCR was performed on QuantStudio

3 (Applied Biosystems, Cat. #A28137), using PowerUp SYBR Green

Master Mix (Applied biosystems, Cat. # A25741) and 0.15 mM of

gene-specific primers (Integrated DNA Technologies). The RT-qPCR

reaction included initial denaturation (2 min at 50�C and 2 min at

95�C) and amplification (45 cycles of 15 s at 95�C followed by 60 s

at 62�C) steps. A melting curve procedure was performed at the

end of every RT-qPCR run to check for unspecific PCR products.

Primers are listed in the supplemental methods.

Small RNA sequencing
100 ng of total RNA from samples C13-1336, C12-841, RU02135,

SSC764, and M1400 was used to build small RNA libraries applying

CATS small RNA-seq kit (Diagenode, Cat. #C05010040). Small

RNAs were sequenced according to previously published protocols.6

In addition to the manufacturer’s protocol, a spike-in mix (Qiagen,

Cat. # 331535) was added at the initial library preparation step, to

check for technical errors at library preparation and sequencing

steps. 1.5 nM of each library was used for sequencing preparation

following Illumina protocol (Illumina, Doc. # 15039740 v10, Proto-

col A: Standardnormalization). In total, two1350 cycle sequencing

runs were performed on IlluminaMiSeq usingMiSeq Reagent Kit v2

(Illumina, Cat. # SY-410-1003; and # MS-102-2001). On each run,

two samples were sequenced, with the affectedman and the control

onthe sameflowcell.Onaverage, 130k readsweregenerated foreach

sample.
ober 6, 2022



300 ng of total RNA from samples M2350, M2676, M2546, and

M2548 was used for small RNA library preparation using NEXTflex

Small RNA-Seq Kit v3 (PerkinElmer, Cat. #NOVA-5132-05). In

addition to the manufacturer’s protocol, a spike-in mix of

0.05 ng 50P-cel-miR-39-3p-30-OH and 0.05 ng 50P-ath-159a-30-2-
OMe was added at the initial library preparation step, to check

for technical errors at library preparation and sequencing steps.

Sequencing was carried out at the OHSU Massively Parallel

Sequencing Shared Resource facilities on Illumina NovaSeq 6000

S4 2x100 flow cell. All four samples were sequenced on the same

lane of the flow cell.

RNA-seq data processing and piRNA annotation
First, sequencing reads were trimmed with Cutadapt (v.#3.0)47 ac-

cording to instructions provided by CATS small RNAseq kit proto-

col (Diagenode, Cat. #C05010040, Doc. # v.2 I 09.17) or NEXTflex

Small RNA-Seq Kit protocol (PerkinElmer, Cat. #NOVA-5132-05,

Doc. # v.V19.01). Next, trimmed reads were aligned to reference

genome (GRCh37) with Bowtie (v.#1.0.1)48 allowing only perfect

matches, discarded miRNAs by selecting reads between 25 and

45 bases, and re-aligned to GRCh37 allowing one mismatch.

Finally, known small non-coding RNAs, other than piRNAs, were

removed from the dataset using DASHRv2 (v.#v2),49 and the re-

maining piRNA sequences were intersected with known piRNA

loci detected in human adult testis.50

Statistical analysis
The testicular cells quantified in affected persons and control sub-

jects were compared and statistically analyzed using a chi-squared

test to detect differences between groups. All statistical analyses

were performed using R statistical software.51 Data from RT-qPCR

and small RNA-seq experiments were evaluated using SciPy (ver.:

1.8.0) packages52: Shapiro-Wilk test for normality of the data and

Student’s T-test for expression changes in RT-qPCR and for changes

in piRNA quantities of different lengths were used.
Results

Trio-based exome sequencing revealed a homozygous

frameshift variant in FKBP6

25,098 sequence variants were obtained by exome

sequencing in the index subject RU02135. Of these, 624

variants were predicted to alter the coding protein

sequence (missense, splice site, frameshift, stop-gain vari-

ants) and were classified as rare according to their global

frequency in the gnomAD database (MAF <0.01 for auto-

somal,<0.001 for gonosomal variants). Exome sequencing

of both parents allowed for further narrowing down of

candidate variants by focusing on confirmed compound

heterozygous (n¼ 43) and homozygous (n¼ 5) variants in-

herited from both parents, maternally inherited X-linked

variants (n ¼ 3), and de novo variants (n ¼ 6). Variants

that were found to be a sequencing artifact or calling error

upon manual inspection of the data, failure to validate us-

ing Sanger sequencing, and/or variants with a (likely)

benign classification according to the ACMG-AMP criteria

were discarded from further analysis, leaving a total of six

genes affected with possibly pathogenic variants: FKBP6

with a homozygous loss-of-function (LoF) variant;
The American Jo
B3GNT8, EEF2K, and TTN with compound heterozygous

missense variants; and CACNA1F and L1CAM with hemi-

zygous missense variants. Of these, the homozygous LoF

variant in FKBP6 was prioritized based on the high and

unique expression of FKBP6 in the testis, its essential role

in mouse spermatogenesis,31 and the predicted impact

on protein function (Table S1; Figure S1).

The homozygous duplication of 22 base pairs (bp)

within exon 5 of FKBP6 (GenBank: NM_003602.4:

c.508_529dup) leading to a frameshift within the open

reading frame (p.Phe177CysfsTer20) (Figures 1A and 1J)

was observed in the affected men. Both unaffected parents

were confirmed to carry this variant heterozygous

(Figure S2). This variant is listed in gnomAD with a fre-

quency of 0.019%, with no homozygous individuals re-

ported. In a Dutch control cohort of 5,784 fathers and

5,803 mothers originating from the same region as the in-

dex case subject, we observed a total of 18 heterozygous

carriers of the identical variant in FKBP6 (8 fathers, 10

mothers). This indicates a higher MAF of 0.078% for this

variant in the Dutch proven parent population compared

to gnomAD database. None of these fathers or mothers

was homozygous for this variant or was identified with

any other rare variant in FKBP6.

Five additional men with (likely) pathogenic FKBP6

variants

To determine whether bi-allelic FKPB6 variants are a recur-

rent cause of male infertility, we screened a total of 2,699

infertile men (1,671 men from the MERGE cohort, 1,011

men from the GEMINI cohort, and 17 individuals from

the Imperial cohort) for further variants. In the GEMINI

cohort, no individuals with rare bi-allelic variants in

FKBP6 were identified. Within the MERGE cohort, we

identified four men with bi-allelic LoF variants in FKBP6

and an additional individual with a homozygous LoF

variant was found in the Imperial cohort (Table 1; supple-

mental information). Individual M2548 was identified

with the same homozygous 22 base pairs (bp) insertion

as identified in RU21035, resulting in a frameshift to the

coding sequence c.508_529dup (p.Phe177CysfsTer20)

(Figures 1F and 1J). Individual M2546 was found to with

the same frameshift variant c.508_529dup (p.Phe177Cysf-

sTer20) but in a heterozygous state in combination with a

heterozygous stop-gain variant c.832C>T (p.Arg278Ter) in

FKBP6 in the opposite allele (Figures 1D, 1E, and 1J). Com-

pound heterozygosity was confirmed after the mother was

found to be a heterozygous carrier of the c.832C>T

(p.Arg278Ter) variant, and the other variant was not pre-

sent in her genome. Unfortunately, the DNA from the fa-

ther was not available, but the proband has three sisters

of which DNA was available for two of them. All three sis-

ters have at least two children and premature ovarian

insufficiency (POI) was not reported for any of the sisters.

The youngest sister carries none of the FKBP6 variants,

whereas the older sister was compound heterozygous for

both FKBP6 variants (Figure 1H), making it extremely
urnal of Human Genetics 109, 1850–1866, October 6, 2022 1853



Figure 1. Sanger sequences of identified pathogenic variants in FKBP6
(A–G) Electropherograms of identified pathogenic variants in FKBP6. The arrow indicates the start of the duplication or the variant.
(A) The 22 base pair duplication c.508_529dup in RU02135.
(B) The homozygous splice acceptor variant c.589�2A>G in M1400.
(C) The homozygous stop-gain variant c.610C>T in M1813.
(D) The heterozygous stop-gain variant c.832C>T in M2546.
(E) The heterozygous 22 base pair duplication c.508_529dup in M2546.
(F) The homozygous 22 base pair duplication c.508_529dup in M2548.
(G) The homozygous splice acceptor variant c.469�2A>T in Imp001.
(H) Pedigree of M2546’s family indicating that compound-heterozygosity of these variants causes male infertility but not female
infertility.
(I) Structure of FKBP6. FKBP6 has two functional domains: FKBP_C is an inactive peptidyl-proplyl cis-trans isomerase domain. The TPR
domain is crucial for binding HSP90. The size and relative position of the peptide against which the commercial FKBP6 antibody was
raised is indicated by the black bar.
(J) Relative positions of the five identified FKBP6 variants in order of appearance in the gene: c.469�2A>T (Imp001), c.508_529dup
(RU02135, M2548, and M2546), c.589�2A>G (M1400), c.610C>T (M1813), and c.832C>T (M2546). Black numbers indicate exon
numbers.
(K) Positions of the amplicons generated by the 50 and 30 primer pairs used for RT-qPCR.
likely that both variants have been inherited from their

parents following Mendelian rules. According to gnomAD,

the stop-gain variant c.832C>T (p.Arg278Ter) has an

extremely low frequency of 0.00066%, while no homozy-

gous individuals are listed. Individual M1400 was homozy-

gous for the splice site variant c.589�2A>G (p.?), which is

predicted to disrupt the splice acceptor site of exon 6

(Figures 1B, 1J, and S3) and not listed in gnomAD.

This variant abolishes the exon 6 splice acceptor site in

FKBP6 and leads to the activation of two alternative splice

sites in vitro. The activated splice site in intron 5 further

leads to the inclusion of 55 bp from the 30 end of the
1854 The American Journal of Human Genetics 109, 1850–1866, Oct
intron, including the exchange at c.589�2A>G and results

in a premature stop codon due to a frameshift

(r.588_589ins589�55_589�1 [p.Ala197GlyfsTer31]). The

second alternative splice site is located within exon 6 and

leads to the deletion of 28 bp from the 50 end of the

exon resulting in a frameshift and premature stop codon

(r.589_616del [p.Ala197HisfsTer18]) (Figure S4A). M1813

was homozygous for the stop-gain variant c.610C>T

(p.Arg204Ter), leading to a premature stop codon in exon

6 (Figures 1C and 1J). This variant was found with a fre-

quency of 0.002% in gnomAD with no homozygous

individuals listed. Individual Imp001 from the Imperial
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Table 1. Genetic and clinical data of infertile men with bi-allelic FKBP6 variants

Individual Age, origin
FKBP6 variant (GRCh37
NM_003602.4) MAF (gnomAD)

MAF (local
controls)

Classification
according to
ACMG-AMP
guidelines

Fertility parameters Semen analysis results,
testicular sperm extraction
(TESE), or fine needle aspiration
(FNA) outcomeFSH (U/L) LH (U/L) T (nmol/L) TV (mL)

RU02135 36 y,
the Netherlands

c.[508_529dup]; [508_529dup];
p.[Phe177CysfsTer20];
[Phe177CysfsTer20]

1.48 3 10�4 6.9 3 10�4 pathogenic 8.3 2.2 14 19/10 extreme oligozoospermia,
all sperm malformed;
unsuccessful TESE

M1400 43 y, Syria c.589�2A>G; (589�2A>G);
p.(?); (?)

4 3 10�6 0 pathogenic 7.7 3.5 13.4 7/14 extreme oligozoospermia,
morphology not determined;
unsuccessful TESE

M1813 37 y, Brazil c.610C>T; ;(610C>T);
p.(Arg204Ter); (Arg204Ter)

1.78 3 10�5 0 likely pathogenic 7.7 2.8 18 20/18 azoospermia, TESE not
attempted

M2546 28 y, Kyrgyzstan c.[508_529dup]; [832C>T];
p.[Phe177CysfsTer20];
[Arg278Ter]

1.48 3 10�4/
4 3 10�6

6.9 3 10�4/0 pathogenic/likely
pathogenic

3.9 4.5 18.1 10/12 extreme oligozoospermia,
most sperm malformed;
unsuccessful TESE

M2548 26 y, Germany c.508_529dup; (508_529dup);
p.(Phe177CysfsTer20);
(Phe177CysfsTer20)

1.48 3 10�4 6.9 3 10�4 pathogenic 1.8 4.0 18.6 39/23 extreme oligozoospermia,
all sperm malformed;
unsuccessful TESE

Imp001 28 y, not specified c.469�2A>T; (469�2A>T);
p.(?)(;)(?)

0 0 likely pathogenic 12.4 4 20.2 6/12 extreme oligozoospermia,
all sperm malformed;
unsuccessful FNA

Abbreviations: y, years; FSH, follicle-stimulating hormone; LH, luteinizing hormone; T, testosterone; TV, testicular volume; TESE, testicular sperm extraction; FNA, fine needle aspiration. Reference values: FSH: 1–7 U/L; LH: 2–
10 U/L; T: >12 nmol/L; TV: >12 mL.

T
h
e
A
m
e
rica

n
Jo
u
rn
a
l
o
f
H
u
m
a
n
G
e
n
e
tics

1
0
9
,
1
8
5
0
–
1
8
6
6
,
O
cto

b
e
r
6
,
2
0
2
2

1
8
5
5



cohort was homozygous for a splice site variant

c.469�2A>T (p.?) in FKBP6, which is predicted to result

in a loss of the canonical acceptor splice site of exon

5 (Figures 1G and 1J). Bioinformatic analysis with the

ASSP tool identified an alternative splice acceptor site

within exon 5 (Figure S5). This variant leads to a skip-

ping of exon 5 in vitro, further leading to a frameshift,

resulting in a premature stop codon (r.469_588del

[p.Glu157GlyfsTer13]) (Figure S4B). No testicular RNA

from this proband was available to further analyze the

impact of the splice site variant. The variant was absent

in the control cohort of proven fathers and mothers

and is not listed in gnomAD. A relatedness test (Somalier)

for RU02135, M2546, and M2548, who were all identified

with exactly the same 22 bp insertion causing a frameshift

variant in FKBP6, revealed no relatedness between these

men.

All five different bi-allelic variants in FKBP6 observed in

this study were assessed as (likely) pathogenic according to

the ACMG-AMP criteria (Tables 1 and S2). Since our data

support that alterations to the normal functioning of

FKBP6 have a negative impact on male fertility, FKBP6 rea-

ches a ‘‘strong’’ level of evidence in the context of male

infertility in gene validity assessment according to the

ClinGen gene validity curation framework (Table S3).

No alternative causes for infertility were revealed after

screening the exome sequencing data of RU02135,

M1400, M1813, M2546, M2548, and Imp001 for possibly

pathogenic variants (stop-, frameshift-, splice site,- and

missense variants with a CADD score>25) in 242 genes re-

ported to be related to male infertility (list of genes in the

supplemental methods).

Clinical characteristics of affected men

In all men with bi-allelic FKBP6 variants, very few sper-

matozoa were observed in the semen, resulting in

extreme oligozoospermia, except for M1813 who was

azoospermic (Tables 1 and S4). In RU02135, all spermato-

zoa were morphologically abnormal as they were multi-

flagellated and had head malformations. In Imp001, a

total of 17 abnormal sperm were found many of which

had amorphous heads or double or triple tails. Sperm of

M2548 were equally multi-flagellated with fragmented

and enlarged heads. Since the sperm in their ejaculates

did not meet the motility and morphology criteria for

MAR, RU02135, M1400, M1813, M2546, and M2548 un-

derwent a testicular biopsy with the aim of obtaining

viable sperm via a TESE procedure. Imp001 underwent

fine needle aspiration (FNA). None of these procedures

were successful in retrieving viable sperm cells. No testic-

ular tissue was available for further analyses from M1813.

The original pathology report of M1813’s testis tissue

made note of an arrest of germ cells during meiosis. Clin-

ical parameters of all individuals are listed in Tables 1, S4,

and S5.

As variants in FKBP6 have been described in association

to multiple sclerosis,53,54 we investigated the medical files
1856 The American Journal of Human Genetics 109, 1850–1866, Oct
of the six affected individuals for neurological impair-

ments. RU02135, M1813, M2546, M2548, and Imp001

had no history of neurological disease and no obvious

neurological abnormalities were recorded. During his

childhood in Syria, M1400 experienced questionable signs

of paralysis of which there are no reports available. These

symptoms did not return later in life.

FKBP6 appears in late spermatocytes and localizes to

nuages but not to the synaptonemal complex

To understand the putative functions of FKBP6 during

spermatogenesis, we performed immunofluorescence (IF)

staining. We probed control testicular sections with a

commercially available antibody raised against aa 1–108

of the canonical FKBP6 (Figure 1I, Subjects and methods).

We combined this staining with an SYCP3 staining, a

component of the SC. FKBP6 signal accumulated in a

subset of spermatocytes as a non-homogeneous punctate

cytoplasmic staining. Presence of FKBP6 was limited

to spermatocytes showing prominent and long SYCP3

stretches and DAPI bright compartmentalized heterochro-

matin, all characteristics typical for spermatocytes in pa-

chynema to diplonema (Figures 2A–2C and S6A–S6L).

Signal was predominantly detected in spermatocytes,

with some early round spermatids displaying a low level

of staining pattern (Figure S6K). No staining of spermato-

gonia was observed (Figures S6A–S6L).

We did not observe a nuclear localization for FKBP6. To

exclude the possibility of technical aspects precluding SC

localization in our sections, we generated nuclear spreads

of testicular cells from control samples (n ¼ 3). In order to

include a positive control for the FKBP6 antibody stain-

ing, we also prepared spreads without the presence of

the cytoplasm disrupting soap Triton X-100. Although

the SC was identified by SYCP3 staining, we were not

able to detect FKBP6 localization to this structure

(Figures 2D–2F and S6M–S6AD). Since the cytoplasmic

staining of FKBP6 showed granules, we investigated

whether some of these could be nuages, germ cell-specific

cytoplasmic structures that are sites of piRNA pathway ac-

tivity.20 Different types of nuages exist also in human

germ cells.55 We therefore determined FKBP6 localization

in human control samples in relation to PIWIL1,

whose ortholog is a known interactor of Fkbp6 in

mice.29 A clear overlap in localization between these

two proteins was observed for the larger FKBP6 granules

(Figures 2G–2I).

Many piRNA genes become expressed at mid meiosis

through binding of the transcription factor MYBL1,56

which also accumulates in the promoter region of FKBP6

in human spermatocytes.56 We performed a double

staining with antibodies against MYBL1 and FKBP6

(Figures 2J–2L). By counting positive spermatocytes, we

found that all spermatocytes that stained positive for

FKBP6 also did so for MYBL1 (ncontols ¼ 2, ncells ¼ 200).

Conversely, however, roughly 10% of all MYBL1-positive

nuclei did not exhibit FKBP6 staining (Table S6).
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Figure 2. Localization and accumulation of FKBP6 in normal
spermatogenesis
Antibody staining on testis sections (A–C, G–L) and nuclear sur-
face spreads (D–F) from a control subject with complete
spermatogenesis.
(A–C) The localization and timing of accumulation of FKBP6 was
analyzed by combining antibody stainings for FKBP6 (A) and
SYCP3 (B), a marker of the synaptonemal complex (SC). DNA
was stained with DAPI (C, merge). FKBP6 accumulation was
mainly limited to spermatocytes that had a clear build-up of the
SC (arrows indicate examples). Earlier spermatocytes (indicated
by asterisk) lacked staining. Faint signal outlining Sertoli cells
was frequently observed (arrowhead). Dotted line indicates posi-
tion of basal lamina. See Figure S6 for additional images.
(D–F) Nuclear surface spreads were stained for FKBP6 (D), SYCP3
(E, merged with FKBP6), and DAPI (F, merge). No localization of
FKBP6 to the SC was observed. The enlarged region is indicated
in (D) and (E). The arrow in (F) indicates the XY body of which
the SYCP3 staining pattern is indicative of a late meiotic stage.
See Figure S6 for additional images.
(G–I) Antibody double staining for FKBP6 (G) and the piRNA
pathway protein PIWIL1 (H). DNA was stained with DAPI (I,
merge). Arrows indicate occasions of overlapping signals for
FKBP6 and PIWIL1.
(J–L) Antibody double staining for FKBP6 (J) and the transcription
factor MYBL1 (K). DNAwas stained with DAPI (L, merge). FKBP6 is
detected after nuclear appearance of the transcription factor
MYBL1.
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FKBP6 expression is lost in infertile men RU02135,

M1400, M2546, and M2548

To determine whether the identified variants affect FKBP6

expression or localization, we repeated the IF staining for

FKBP6 on testicular sections from these men. Cytoplasmic

staining was absent from germ cells, also late spermato-

cytes. Aweak staining outlining Sertoli cells was frequently

observed (Figures 3A–3L). Since FKBP6 is not expressed in

human Sertoli cells, this signal likely represents unspecific

background staining57,58 (Figure S6). To verify these results

at mRNA level, we performed RT-qPCRs on RNA extracted

from FFPE tissue of RU02135 and from snap frozen testic-

ular tissue of M1400, M2546, and M2548. Two primer

sets were designed that, when combined, detected all

seven isoforms of FKBP6 (Figure 1K, supplemental

methods). For all four men, a significant reduction of

FKBP6 transcripts was observed (p ¼ 0.008; t test,

Figures 3M, 3N, and S7A–S7G). To verify that this reduc-

tion was not due to a significant loss of late spermatocytes,

we also performed RT-qPCR experiments for SYCP3 and

PIWIL1. These data indicate that this is indeed not the

case (Figures S7H–S7K).
Bi-allelic pathogenic variants in FKBP6 cause germ cell

loss at various stages during spermatogenesis

To determine the overall effect of FKBP6 loss on spermato-

genesis, we assessed testicular histology by analyses of

H&E-stained tissue from four men: RU02135, M1400,

M2546, and M2548. For Imp001, PAP-stained cytological

preparations were available with cells obtained via FNA.

No testicular histology was available for M1813.

In all available histologies, the most progressed cell type

present in cross sections of seminiferous tubules were

quantified. This analysis revealed that in all four men the

most progressed germ cells were round spermatids. Impor-

tantly, no elongated spermatids were observed in any of

the individuals (Figure 4; Table S7). A difference in the

prevalence of tubules with round spermatids between

these four men was noted. The highest percentage was

observed in RU02135 (62%) whereas other individuals

showed much lower values (between 30% and 40%). In

these individuals, tubules that showed MeiA were much

more abundant (Figure 4M). In the PAP-stained cytological

preparations from Imp001, we failed to identify elongated

spermatids (Figures 4K and 4L). However, round sperma-

tids and pyknotic cells that resembled such cells in the

H&E sections of the other four men were observed.
Germ cell loss in absence of FKBP6 occurs in late meiosis

up to early spermiogenesis

Our histological analyses indicated that germ cells are lost

during either meiosis or spermiogenesis (Figure 4M). In

Fkbp6 KO (Fkbp6�/�) mice, germ cells become arrested dur-

ing pachytene.31 To determine how the spermatogenic

failure observed inmen with bi-allelic FKBP6 variants com-

pares with this observation, we performed an extensive
urnal of Human Genetics 109, 1850–1866, October 6, 2022 1857



Figure 3. Expression of FKBP6 is lost in RU02135, M1400, M2546, and M2548
(A–L) Antibody staining for FKBP6 on testicular sections from control subjects (A, B, E, F), RU02135 (C, D), M1400 (G, H), M2546 (I, J),
and M2548 (K, L).
(A–D) Formalin-fixed samples. FKBP6 is shown in green, MYBL1 (a marker for late spermatocytes) in red, and DNA in blue. In control
tissue (A, B), a clear cytoplasmic signal for FKBP6 is observed in late spermatocytes. Such signal is absent from germ cells from RU02135
(C, D).
(E–L) Bouin’s fixed material. Epithelium in which an early and late cohort of spermatocytes are present are shown (indicated with aster-
isks and arrows, respectively, in F, H, J, L). The presence of twomeiotic cohorts indicates the older cohort to be late spermatocytes. FKBP6
is shown in green and DNA in blue (E, G, I, K) or white (F, H, J, L). In control tissue (E), a clear cytoplasmic signal for FKBP6 is observed in
late spermatocytes. Such signal is absent from germ cells fromM1400 (G), M2546 (I), and M2548 (K). Dotted line indicates the position
of the basal lamina.
(M and N) Relative expression of FKBP6 gene transcripts in testicular tissue was evaluated by RT-qPCR. Relative expression of FKBP6 is
shown as a percentage of expression in a grouped control sample. Two amplicons, located 50 and 30 of FKBP6 transcripts, were used for
overall gene expression evaluation. Results for both amplicons were combined, averaged, and shown in this figure. Red error bars repre-
sent technical variability of three RT-qPCR reactions for each case-control pair, while black error bars indicate biological variability
among case and control samples.
(M) FKBP6 expression levels are significantly decreased in all case samples.
(N) Grouped case samples represent significant downregulation of FKBP6.
analysis of meiosis and spermiogenesis in affected men

(see Subjects and methods).

We analyzed meiotic cells in testis sections of RU02135

(formalin fixed) and M1400 (Bouin’s fixed) by performing

IF against gH2AX, a general marker for meiotic progres-

sion and apoptosis (Figures S8A–S8O). We identified an

increase in the proportion of apoptotic MPI cells in both

individuals (RU02135 versus controls: 0.049 versus 0.019;

p value ¼ 0.001; M1400 versus controls: 0.069 versus

0.0095; p value ¼ 0.001; chi-squared test; Figure 5A,
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Tables S8 and S9). The quantification of cell numbers

per meiotic sub-stages indicates that cell loss occurs

during late meiosis (Figure 5A, Tables S8 and S9). When

combining staining for gH2AX and H3S10ph to identify

apoptotic metaphases, we found their number to be

increased in both affected men compared to the control

subjects (RU02135 versus controls: 0.064 versus 0.009;

p value ¼ 0.001; M1400 versus controls: 0.149 versus

0.009; p value ¼ 0.001; chi-squared test; Figures 5B, S8P,

and S8Q, Tables S10 and S11).
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Figure 4. Testicular histology in a control
subject and in the affected men
(A–L) H&E-stained testicular sections of a
control subject with complete spermato-
genesis (A, B), RU02135 (C, D), M1400 (E,
F), M2546 (G, H), M2548 (I, J), and PAP-
stained air-dried cell spreads of testicular
cell suspension of Imp001 (K, L) are
shown. Black rectangles indicated in the
left panel are depicted enlarged in the right
panel. Examples of themain stages of germ
cell maturation during spermatogenesis
are indicated in each image: spermato-
gonia (green arrow), spermatocytes (green
arrowhead), round spermatids (depicted
enlarged in each right panel; location of
this enlarged image is indicated by dashed
black lines), and elongated spermatids
(green asterisk, only present in control
panel B).
(M) Quantification of most progressed
germ cell stage per tubule expressed as a
percentage. The number of assessed tu-
bules is indicated on top of the individual
bar plots. When tissue of both testes was
available, both are shown. Abbreviations:
TS, tubular shadows; SCO, Sertoli cell
only; SG, spermatogonia; SC, spermato-
cytes; RS, round spermatids.
In male Fkbp6�/� mice, a failure to finalize synapsis

underlies the meiotic arrest.31 To determine whether

this is also the case in human spermatocytes lacking

FKBP6, we assessed pachytene cells for the presence of

additional gH2AX domains which indicate asynapsis.59

We did not observe cells in which such additional

domains were present (Figures 5C–5E). To investigate

whether loss of FKBP6 results in a more subtle change

of gH2AX staining pattern, we quantified whether

pachytene spermatocytes showed an increase of addi-

tional small specks in addition to the XY body. No

difference between the affected men and the control sub-

jects was observed (Figures S8R and S8S, Tables S12 and

S13).

To determine the timing of the spermiogenesis arrest,

we analyzed the formation of the acrosome. To this

end, we stained sections with peanut agglutinin

(PNA)60 and an antibody against GORASP2, a compo-

nent of the Golgi apparatus. For all four men

(RU02135, M1400, M2546, and M2548), most sperma-

tids showed an acrosome as a granule that resided at

one pole of the spermatid (Figures 5F–5M and S9A–

S9I). In addition, acrosomal material was frequently pre-

sent as aggregates (Figures S9A–S9I). Very infrequently,
The American Journal of Human Genetic
there was an indication of spreading

of the acrosome over the nucleus

(Figure S9C). Altogether, these re-

sults show that the onset of germ

cell loss coincides with the appear-

ance of FKBP6 in control subjects

and occurs in late meiosis and early
spermiogenesis. Virtually no progression beyond the first

stage of spermiogenesis was observed.

Loss of FKBP6 affects piRNA production

Next, we investigated whether loss of FKBP6 affects piRNA

production. For M1400, M2546, and M2548 and corre-

sponding control subjects, RNA was isolated from snap

frozen testis material (supplemental methods). RNA for

RU02135 and the control subject was isolated from FFPE

material. Small RNAs were sequenced according to previ-

ously published protocols.6 RNA from RU02135 and

M1400 was sequenced with Illumina’s MiSeq, while RNA

from M2546 and M2548 was sequenced with NovaSeq,

resulting in a higher sequencing depth in the latter two

samples and respective controls.

A first analysis of read counts from piRNAs of 25–45 nu-

cleotides (nt) length identified a significant reduction in

piRNAs from M1400 but not in piRNAs from RU02135,

M2546, and M2548 (p ¼ 0.01, p ¼ 0.64, p ¼ 0.21, and

p ¼ 0.21, respectively, t test; Figures 6A–6D). Because of

the known interaction between FKBP6 and PIWIL1,29 we

next analyzed whether loss of FKBP6 specifically affected

PIWIL1-associated piRNAs, which are characterized by a

length of �30 nt.52 In M1400, M2546, and M2548 we
s 109, 1850–1866, October 6, 2022 1859



Figure 5. Effects of loss of FKBP6 on
meiosis and spermiogenesis
(A) Graph depicting the effect of the FKBP6
variants on the distribution of cells in
meiotic prophase I (MPI) and proportion of
apoptotic meiotic cells. MPI was divided in
early, mid, and late according to gH2AX
staining patterns. A significant change in
the mid and late fractions was observed in
both RU02135 and M1400. In both men
an increase in the number of apoptotic cells
was observed.
(B) Graph depicting the percentage of
apoptotic meiotic metaphases. In both
men an increase of apoptotic meiotic meta-
phases was observed.
(C–E) Antibody staining against gH2AX
(green) of control (C), RU02135 (D), and
M1400 (E) sections. DAPI is used as DNA
stain. The XY body stains prominent for
gH2AX in all three samples. No additional
gH2AX-positive domains were observed in
RU02135 and M1400.
(F–M) Triple staining against the acrosome
(PNA, red), Golgi (anti-GORASP2, green),
and DNA (DAPI, blue) on testis sections
from a control subject with complete sper-
matogenesis (F–I) and RU02135 (J–M). In
spermatocytes (F, J) and early round sperma-
tids (G, K), no difference between the con-
trol subject and RU02135 was observed.
While spreading of the acrosome over the
nucleus was observed in the control subject
(H, I), this was virtually never observed for
RU02135, in which the acrosome remained
a sphere (L). Increasing sizes of these spheres
were observed, likely reflecting increasing
maturation (M).
indeed observed a significant loss of piRNAs ranging from

28 to 32 nt (p ¼ 0.03, p ¼ 0.05, and p ¼ 0.05, respectively,

t test; Figures 6B–6D). In RU02135 no significant loss of

28–32 nt piRNAs was observed (p ¼ 0.42; t test; Figure 6A).

Loss of FKBP6 does not induce LINE-1 upregulation

Upregulation of LINE-1 transposons is a hallmark of piRNA

pathway malfunctioning in mice.61 To determine whether

this is also the case in humans, we assessed LINE-1 expres-

sion by staining against L1ORF1p. In wild-type mice

spermatogenesis, L1ORF1p accumulates solely in germ

cells during early meiosis.12,16 We found that in human

spermatogenesis L1ORF1p accumulation was very similar:

it was predominantly observed in meiotic cells and

increased during mid-late meiosis (Figures 7A–7D and

S9J–S9M). We did not see an increase in L1ORF1p signal

in RU02135, M1400, M2546, and M2548 compared to

the control tissue (Figures 7E–7T). To determine whether

this observation is specific for our FKBP6 individuals or a

general feature of piRNA pathway functionality in human

spermatogenesis, we repeated this staining in testis sec-

tions from a man with severe piRNA impairment due to

pathogenic homozygous variant in PNLDC1.6 In these

germ cells again no increase of L1ORF1p accumulation
1860 The American Journal of Human Genetics 109, 1850–1866, Oct
was observed (Figures 7U–7X). Potentially, LINE-1 upregu-

lation still occurs but regulation at a translational level

precludes an increase of L1ORF1p. To verify this, we deter-

mined LINE-1mRNA levels via RT-qPCR. A previously pub-

lished assay for LINE-1 RT-qPCR was used which is based

on 50 and 30 LINE-1 amplicons.62 In none of the examined

samples did we find an increase of LINE-1 transcripts

(Figures 7Y, 7Z, and S10). These results confirm our IF

results and, taken together, suggest that loss of FKBP6

or PNLDC1 and their accompanied reduction in piRNA

levels do not induce LINE-1 overexpression in human

spermatogenesis.
Discussion

In this study, we show that FKBP6 is involved in the pro-

duction of piRNAs during spermatogenesis and that its

loss leads to spermatogenic failure. Women do not seem

to be affected by bi-allelic pathogenic variants in FKBP6,

which matches the fertile phenotype observed in female

Fkbp6�/� rodents. Concerning the variants identified in

RU02135, M1400, M2546, and M2548, we were able to

show that FKBP6 mRNA and protein levels were severely
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Figure 6. piRNA pathway functionality in FKBP6 cases
Read length distribution of piRNAs in (A) RU02135, (B) M1400, (C) M2546, and (D) M2548. The number (Y axis) of piRNA molecules
from a specific length (X axis) was determined. RNA obtained from FFPE material is shown in orange and in blue when obtained
from snap-frozen material. A significant reduction of piRNA molecules of 28–32 nucleotides was observed for M1400, M2546, and
M2548 when compared to the relative control subjects. No significant reduction was observed for RU02135.
reduced. The splice site variant detected in M1400 acti-

vates two different splice sites, which both lead to a prema-

ture stop codon due to a frameshift. The splice variant in

Imp001 leads to the skipping of exon 5, and thus affects

FKBP6’s TPR domain, which enables the interaction with

Hsp90, which is crucial for its function in the piRNA

pathway.24,28 The stop-gain variant in M1813 is predicted

to result in nonsense-mediated decay.

While most affected individuals in this study were diag-

nosed with extreme oligozoospermia, M1813 presented

with azoospermia. This is not unusual as both conditions

form a continuum and can be found in the same individ-

ual in repeated analyses.63 Moreover, slightly varying phe-

notypes are also known from other male infertility genes

such as AR and M1AP.63 The rare presence of spermatozoa

in the semen in some men might be due to polygenic or

environmental factors.

In mice, Fkbp6 has been reported to localize to the SC.31

However, we were unable to confirm this localization,

suggesting that FKBP6 is not involved in SC formation in

humans. Absence of FKBP6 from the SC could explain

the difference in meiotic phenotype between men and

mice. While mouse spermatocytes fail to finalize synapsis,

we show that this is not the case for human spermatocytes.

Our results, therefore, suggest that unlike in male Fkbp6�/�

mice, asynapsis is not the underlying cause of spermato-

cyte loss in men with pathogenic variants in FKBP6.

Increased germ cell loss marked by apoptotic spermato-

cytes and metaphases is observed from late meiosis in

affected men, coinciding with the appearance of FKBP6
The American Jo
in control subjects. Interestingly, in mouse models of the

piRNA factors Piwil1 andMael, an increased loss of meiotic

metaphases has also been described.16,64 Germ cells of

affected men, which were able to complete meiosis, virtu-

ally all arrest at the onset of spermiogenesis during the

Golgi-phase of acrosome formation. An identical arrest is

also observed for several piRNA pathway mutants in

mice,20 notably also for two known Fkbp6 interactors:

Tdrd1 and Piwil1.65,66

The sequencing results of piRNAs obtained from testic-

ular tissue of RU02135, M1400, M2546, and M2548,

showed notable differences. While piRNA levels were

greatly reduced in M1400, M2546, and M2548, piRNA

levels in RU02135 were not affected. Notably, RU02135

and M2548 share an identical variant, which makes a

technological explanation more likely. Possibly the differ-

ence in preservation of the analyzed tissue plays a role,

because RNA from RU02135 was obtained from FFPE tis-

sue, while for the other samples snap frozen material

was available. Since the three samples for which unfixed

material was used all showed a significant reduction of

piRNAs of 28–32 nt length, we assume a role of FKBP6

in piRNA production. More specifically, the reduction of

piRNAs of this length is suggestive of an interaction be-

tween FKBP6 and PIWIL1, which has been reported in

mice.29

The massive overexpression of LINE-1 TEs during

meiosis is a hallmark of piRNA pathway dysregulation

and the likely cause of infertility in many mouse mutants

with an impaired piRNA pathway.61 In this study, however,
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Figure 7. Loss of FKBP6 or PNLDC1 does not increase LINE-1 expression
Antibody stainings for L1ORF1p (green) and germ cell marker VASA (red) were used to determine the effect of FKBP6 and PNLDC1 var-
iants on LINE-1 expression. DNA was stained with DAPI (blue). In each panel examples of the following cell types are indicated when
present: spermatogonia (arrowheads), early spermatocytes (asterisks), late spermatocytes (arrows), and Sertoli cells (double-headed
arrows).
(A–D) Control tissue. Expression of L1ORF1p is restricted to VASA-positive cells. Low levels of L1ORF1p staining was observed in sper-
matogonia and early spermatocytes. Sertoli cells lacked staining. An increase of L1ORF1p signal was observed inmid-late spermatocytes.
(E–X) Sections of men affected by variants in FKBP6 (E–T) or PNLDC1 (U–X). No increase in L1ORF1p staining was observed in RU02135
(E–H), M1400 (I–L), M2546 (M–P), or M2548 (Q–T). In addition, loss of piRNA pathway factor PNLDC1 (U–X) did not result in increased
L1ORF1P levels.

(legend continued on next page)
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we show that loss of FKBP6 and reduced piRNA levels do

not result in increased L1ORF1p expression. We extend

these findings to PNLDC1, another piRNA factor whose

loss greatly diminishes piRNA levels.6 While loss of Pnldc1

in male mice results in vastly increased L1ORF1p accumu-

lation during meiosis,67 we observed no increase of

L1ORF1p signal in this individual. This apparent lack of

LINE-1 upregulation could suggest that LINE-1 DNA

methylation was not affected during fetal development

or has been restored since. Alternatively, FKBP6 and

PNLDC1 are not involved in the production of LINE-1-

directed pre-pachytene piRNAs during human male

meiosis. The latter assumption is supported by the observa-

tion that expression of FKBP6 coincides with the appear-

ance of pachytene piRNAs.56 These piRNAs are mainly

involved in regulation of protein coding genes in mice.

Their loss does not affect LINE-1 expression8,15–17,68 and

results in a RsA.16,68 The spermatogenetic arrests we

observed in our individuals are therefore likely a conse-

quence of the dysregulation of the mRNA translational

program due to loss of pachytene piRNAs.

Our study elucidates FKBP6’s function in humans and un-

derlines its importance for human male fertility. As FKBP6

immediately reaches a ‘‘strong’’ level of evidence in the

context of male infertility, according to the ClinGen classi-

fication, it is directly applicable for clinical diagnostics. This

will help to provide affectedmen with a causal diagnosis. In

all six affected men, the ejaculated spermatozoa were not

suitable for utilization in MAR and no sperm were gained

via surgical methods for this purpose either. Our findings

indicate that the prospect of successful testicular biopsy

and subsequent TESE for men with bi-allelic (likely) patho-

genic variants in FKBP6 is minimal. Affected individuals can

be counseled accordingly before testicular biopsy, helping

to prevent unnecessary surgical procedures.
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