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Abstract

Background/Aims: Neanderthals, although well adapted to local environments, were rapidly
replaced by anatomically modern humans (AMH) for unknown reasons. Genetic information
on Neanderthals is limited restricting applicability of standard population genetics.
Methods: Here, we apply a novel combination of restricted genetic analyses on preselected
physiological key players (ion channels), electrophysiological analyses of gene variants of
unclear significance expressed in Xenopus laevis oocytes using two electrode voltage clamp
and transfer of results to AMH genetics. Using genetic screening in infertile men identified a
loss of CLC-2 associated with sperm deficiency. Results: Increased genetic variation caused
functionally impaired Neanderthals CLC-2 channels. Conclusion: Increased genetic variation
could reflect an adaptation to different local salt supplies at the cost of reduced sperm density.
Interestingly and consistent with this hypothesis, lack of CLC-2 protein in a patient associates
with high blood K* concentration and azoospermia.

© 2021 The Author(s). Published by
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Introduction

DNA comparisons between Neanderthals and AMH have indicated that Neanderthals
mated with and share more genetic variants with non-Africans than with Africans [1]. At
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around 41,000 years ago, modern humans bearing the so-called Protoaurignacian culture
spread into southern Europe leading to the demise of Neanderthals [2]. However, the reasons
why Neanderthals were replaced by AMH are heavily discussed and include factors such as
environmental changes leading to reduced genetic variation [3], changes in language [4],
infectious diseases [5], behavior-cultural reasons [6], and anatomical and physiological cues
[7, 8]. An additional driver for the Neanderthal demise may have been that they were simply
outnumbered. Neanderthal populations were generally small in size and rather isolated,
but shortly after the arrival of AMH, the human population increased tenfold for unknown
reasons but AMH’s numerical supremacy may have driven Neanderthal replacement [9, 10].
Recently, the debate about what drove the extinction of Neanderthals has started to
include physiological factors, such as metabolic peculiarities in Neanderthals’ lipid and
glucose metabolism [7, 8]. Because such physiological issues are central players in current-
day human health, they may have been even more critical for determining the survival of
hominids like the small-group dwelling Neanderthals. Therefore, key elements of health in
modern humans may have been relevant for Neanderthal fitness. We analyzed the rate of
genetic variance in ion channel-encoding genes. lon channels are such key players in human
health and fitness, and certain human diseases called channelopathies arise from a series
of ion channel genetic variants. Furthermore, and unsurprisingly, the majority of all current
drugs on the market act directly or indirectly via ion channels. Therefore, ion channel gene
variants represent perfect candidates for evolutionary drivers of fitness (or lack thereof).

Materials and Methods

Mutagenesis and Electrophysiology. Human CLCNZ2 was subcloned into pSGEM. hKv1.5-eGFP was
obtained by David Fedida and mutagenesis was performed as described before [11]. All constructs were
verified by Sanger sequencing.

Xenopus laevis oocytes were obtained by Ecocyte (Dortmund, Germany). Linearized cDNA was
transcribed using the mMessage mMachine kit (Ambion) and the constructs were expressed in oocytes by
injection of 5 to 50 ng human CLC-2 cRNA according to the expression level of the channel. Oocytes were
kept in a Barth solution containing (in mM) 90 NaCl, 10 HEPES, 2 KC], 1 MgCl,, 1 CaCl,, pH 7.5, for 3 days at
18°C. Two electrode voltage-clamp was performed with a Turbotec10 amplifier (npi, Tamm, npi electronic,
Germany) and freeware acquisition program GePulse (freely available at http://users.ge.ibf.cnr.it/pusch/
programs-mik.htm). The recordings were performed at room temperature (20°C). To analyse the currents
of wild type CLC-2 and and mutant CLC-2, oocytes were first pulsed to 60 mV to estimate the instantaneous
activated current under resting conditions, and then they were activated with a long pulse to -140 mV. The
following tail pulse to 60 mV induced a very reproducible current deactivation, which can be best described
by standard double exponential kinetics. The I _ ofthe tail pulse indirectly reflects the functional expression
level, and the ratio I_/I__ reflects the preference of the channel for the open configuration [37].

Human embryonic kidney (HEK) 293 cells were transfected with 1 pg human Kv1.5-eGFP cDNA (note:
Kv1.5 is encoded by gene KCNA5) and recorded in extracellular solution containing (in mM): 140 NacCl, 2
MgSO0,, 2 CaCl, and 10 HEPES/NaOH pH 7.3 using the standard patch clamp technique. Intracellular solution
was (in mM) 130 KCl, 2 MgSO,, 2 EGTA and 10 HEPES/NaOH pH 7.3. Voltage protocol and data analyses
are as follows: Wild type and mutant hKv1.5 were elicited by 60 mV square pulses ata V, , of -80 mV and
current amplitudes were analyzed.

Neanderthal variant calling. The Neanderthal sequence contigs from six Neanderthal individuals
(‘Feld1’, ‘Mez?’, ‘Sid1253’, ‘Vi33.16’, ‘Vi33.25’, 'Vi33.26’) mapped against human hgl18 reference genome
was downloaded from Neandertal Genome Analysis Consortium Tracks at UCSC (ftp://hgdownload.cse.
ucsc.edu/gbdb/hg18/neandertal/seqAlis/all-hg18.bam). SNP and short indel calling was performed using
the UnifiedGenotyper algorithm implemented in GATK software suite [12-14]. ANNOVAR [15] was used to
annotate the called variants with RefSeq gene names and to predict their impact and effect.

Mutation rate per gene has been calculated as variant count per length of human gene coding sequence
(total SNVs) as well as functional variant count per length of human gene coding sequence (non-syn SNVs).
Any non-synonymous coding variants or insertions/deletions have been considered for further analyses.

302



Cellular Physiology Cell Physiol Biochem 2021;55:301-310

. . DOI: 10.33594/000000376 © 2021 The Author(s). Published by
and BIOChemIStry Published online: 19 June 2021 Cell Physiol Biochem Press GmbH&Co. KG

Jeworutzki et al.: Neanderthal CLC-2 Variants Provide Insights in Modern Human Infertility

Resulting mutation rates of ion channel genes have been log10-transformed to fit a normal distribution as
tested by Shapiro-Wilk normality test implemented in R (p-value = 0.363). Mutation rates differing more
than 2 standard deviations from mean of all analyzed ion channel genes have been considered as enriched
mutation rates.

Results

By analyzing the published Neanderthal genomes and comparing them with 33 human
disease-linked ion channel genes, we identified a high rate of genetic variation of uncertain
significance (GVUC) in Neanderthal ClI' channel encoding genes CLCNZ and, to a lower
degree, in CLCN1 (Fig. 1A, B). In AMHs, CLCN1 mutations associate with myotonia congenita,
a rare disease characterized by muscle stiffness upon sudden forced movements [16, 17].
Regarding CLCNZ, patients and knock-out mice with mutations in this gene show a more
complex phenotype: CLC-2 dysfunction has been associated with retinal degeneration,
leukodystrophy, and severe testicular degeneration [18-20]. Conversely, CLC-2 gain-of-
function mutations have been shown to result in hyperaldosteronism type II; the increased
aldosterone levels cause early-onset high blood pressure, predisposing affected individuals
to potassium loss and potentially lethal cardiac arrhythmias [21, 22].

Typically, these GVUCs are filtered out in the process of genomic filtering leaving the
genetic CLC-2 variations highly hypothetical. To exclude DNA degeneration as basis of
Neanderthals genetic CLCNZ variation (Fig. 1A) we evaluated the pattern of base exchanges
of Neanderthal gene variants. Neanderthal CLCNZ2 variants show a similar base pair
exchange pattern compared to AMH, suggesting that we identified real variants rather than
artifacts (Fig. 1B). Further, the CLCN2 sequence does not differ substantially in chemico-
structural parameters (GC and AT content, intron/exon structure and length), meaning
that the Neanderthal gene variants may have been present in living Neanderthals and
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Fig. 1. Analysis of Neanderthal genetic variants of unclear significance (GVUC). All currently known Nean-
derthal GVUCs are analyzed in a selection of ion channels and Cl- transporters known to be associated with
human disease. A. CLCN2 shows an increased number of GVUCs. Values for CLCN2 are magenta colored. B.
The numbers of variants in Neanderthals and AMH were analyzed with respect to specific exchanged bases,
and they show similar overall patterns. C. Most Neanderthal GVUCs are positioned in highly conserved re-
gions and therefore suggest functional relevance.
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potentially have impacted their lives (see below). The Neanderthal GVUCs are positioned
in highly conserved regions of CLCNZ2, as shown by sequence alignments (Fig. 1C). CLCNx
genes encode CLC-x proteins, a eukaryotic family of four Cl" anion channels (CLC-1, -2, -Ka,
and -Kb) and five anion-H* exchangers (CLC-3 to -7) containing 17 transmembrane a-helices
[23]. CLCs are homo-dimers with separate active anion transport pathways in each subunit
[24-27]. The structurally very similar prokaryotic and eukaryotic CLC anion-H* exchangers
have been crystallized [24, 28, 29], and we used these as templates to generate a structural
model of CLC-2. With this model, we localized the position of several of the variants to highly
sensitive regions of the CLC-2 channel protein: the transmembrane domain, which includes
the selectivity filter and intracellular CBS domain (Fig. 2B). These findings suggest that the
gene variants could result in impaired Cl ion channel function.

In order to address the functional effects of the respective gene variants directly, we
generated individual Neanderthal CLCN2 gene variants and analyzed them functionally in
Xenopus laevis oocytes (Fig. 2A, B). We found diverse functional effects as a result of the
various gene variants.

CLC-2 activates upon hyperpolarization and may contribute a Cl- efflux pathway to
regulate the basolateral Cl efflux in epithelial cells [30-32]. We found that the steady state
CLC-2 currents were reduced by eleven variants and were increased by four variants. Further,
CLC-2 channel gating is characterized by two processes that open the channel at negative
voltages, reflecting opening of individual protopores (fast gate), and a slower mechanism
that operates on both pores of the double-barreled channel [33-36]. Conversely, at positive
voltages, the channel reaches its minimum open probability, and this probability can be
affected by mutation [36] or by association with the glial-specific cell adhesion molecule
GlialCAM [37, 38]. We found that four variant channels showed changes in gating kinetics
and altered the minimum open probability (Fig. 3). Thus, overall 59.3 % of the potential
Neanderthal variants resulted in functional aberrations (41 % with loss-of-function and 15
% with gain-of-function, and 15% showed gating abnormalities, Fig. 3). To determine if the
percentage of CLCN2 GVUCs that we identified as having functional consequences (59.3%)
coincides with this percentage for other Neanderthal ion channel genes, we examined
potential Neanderthal variants of the alternative ion channel Kv1.5 (Fig. 4): 63.6 % (7 out of
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Fig. 2. Analyses of Neanderthal CLC-2 GVUCs. A. Examples of wild type (wt) and Neanderthal GVUC CLC-2
currents (control = non-injected). Note: Mutant A506T is still inhibited by iodide, indicating that the current
measured is still conducted by CLC-2 pores (data not shown). B. Neanderthal genetic variants were gener-
ated and expressed in Xenopus laevis oocytes. Analyses of currents of all Neanderthal CLC-2 gene variant
channels compared to wt channel currents (+ SEM) are shown. Several genetic variants resulted in func-
tional alteration of CLC-2 channels. C. Structural modeling suggest that particularly the Neanderthal GVUCs
in the trans-membrane region alter channel function.
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11) of Kv1.5 Neanderthal variants showed significant functional changes, suggesting that the
number of Neanderthal gene variants correlates with the number of functionally relevant
gene variants (Fig. 4).

Fig. 3. Analyses of Neanderthal CLC-2 variants. Neanderthal genetic variants were generated and expressed
in oocytes. Several genetic variants resulted in functional alteration of CLC-2 channels (n=4-11). Channels
were activated by voltages ranging from +60 mV to -140 mV, and peak tail currents (Imax) at a following
+60 mV pulse were fitted to a standard Boltzmann function (y=(offset+(Imax-offset))/(1+exp((V-V1/2)/
k)))*1e-6; k = coefficient). The voltage dependencies of all tested mutants are similar (V1/2 is the voltage of
half maximal activation; graph to the left). The rel. offset of the slow gate (virtually non-gated offset derived
from the Bolzmann fit) was analyzed (graph to the right).

Fig. 4. Analyses of Neanderthal Kv1.5 variants. Neanderthal genetic variants were generated and expressed
in HEK 293 cells. Examples of wild type and Neanderthal variant hKv1.5 currents are shown. Several genetic
variants resulted in functional alteration of kv1.5 channels (n=4-11). The peak currents (I ) and the sus-
) at the end of the depolarizing pulses were analysed (+ SEM).

norm:
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Human loss-of-function mutations in CLCNZ2 have been associated with leukodystrophy
[18] and azoospermia [19], suggesting that CLC-2 dysfunction can cause male infertility [39].
Consistently, CLC-2 knock-out mice also exhibited testicular degeneration, whereby their
primary spermatocytes and later the spermatogonia degenerated, and the tubules contained
abnormal Sertoli cells [39]. In order to verify the suggested critical role for CLC-2 function in
normal spermatogenesis, we screened whole-exome sequencing data of 887 infertile men
with severe spermatogenic failure (azoo-, crypto- or severe oligozoospermia) from the Male
Reproductive Genomics (MERGE) cohort for rare variants of the CLCNZ gene. A 31-year-
old otherwise healthy male (M1374) carried the homozygous CLCN2 mutation c.828dup
(NM_004366.5) leading to frameshift p.Arg277Alafs and termination of the protein at residue
23 (Fig. 5A). No other genetic variant potentially explaining his azoospermia was identified
in 194 genes previously associated with spermatogenic failure. A testicular biopsy was
performed, and testicular sperm extraction (TESE) yielded no sperm. Histological analysis
revealed that most tubuli showed germ cell loss (Sertoli cell-only phenotype), and only a few
tubules showed residual spermatogenesis but only up to spermatocytes, suggesting arrest of
spermatogenesis mimicking the murine phenotype [39]. MRI of the patient was not available.

A B Sertoli c collecting adreno-
cells duct cells cortical cell

%ﬁm
% no sperm
Gain of function of CLC-2 leads to increased

Loss of CLC-2 function |:> aldosterone and reduced K*;,,.4 Whereas loss
CLCN2-p.Arg277AlafsTer23 leads to sperm loss. of CLC-2 function acts inversely and reduces
aldosterone and increases K*;,o4-

Fig. 5. Pedigree of patient with high blood potassium levels and hypothetical (patho-) physiological mecha-
nisms in altered CLC-2 function. A. Whole-exome sequencing was performed in the otherwise healthy male
M1374 with azoospermia. Homozygous CLCN2 mutation c.828dup leading to frameshift p.Arg277AlafsTer23
was detected and confirmed by Sanger sequencing. The mutation resulted in a complete lack of CLC-2 (only
N-residues 1-23 may be expressed). The mutation has been described before and was associated with leu-
kodystrophy [18]. The patient showed complete loss of sperm in repeated semen samples and high serum
potassium levels of 5.1 mmol/1 (3.5-5.0). In addition he featured a normal male karyotype 46,XY and had no
Y-chromosomal AZF deletions. The patient had reduced testicular volume (3/4 mL), increased FSH 22.6 U/L
(1-7), normal LH 4.3 U/L (2-10) and normal testosterone 12.7 nmol/L (>12). B. CLC-2 loss of function was
shown to lead to azoospermia associated with Sertoli cell degeneration and loss of spermatogonia [39]. C.
CLC-2 sets the resting membrane potential in adrenocortical cells and thus regulates aldosterone secretion
[23, 24]. The resting membrane potential of adrenocortical cells may have tended to depolarize because the
typical Stone Age high-potassium diet [40], which in turn would increase expression of enzyme CYP11B2
and its product aldosterone. CLC-2 loss of function leads to hyperpolarization of the resting membrane po-
tential of adrenocortical cells and thus would counteract excessive aldosterone production. In CLC-2 gain of
function, increased aldosterone acts on renal collecting duct cells to increase salt reuptake and contribute
to early-onset high blood pressure [21, 22].
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Discussion

Previous reports and the findings presented here underscore that CLC-2 has a key role
in normal sperm production. Based on the critical role of CLC-2 in spermatogenesis, the
Neanderthal CLCNZ gene variants, which reduce CLC-2 function in heterologous expression,
would likely also lead to reduced production of competent sperm. As a result, reduced
sperm number may be expected to result in reduced reproductive success. In line with this
hypothesis, Neanderthal populations were known to have small group sizes and low genetic
diversity. Supposedly, these characteristics were facilitated by Neanderthals patrilocal
mating behavior, which would have focused reproductive success on the Neanderthal males
[9].

Two recent Nature Genetics studies have shown that gain-of-function in CLC-2 leads to
hyperaldosteronism type I1[21, 22]. Inversely, mild CLC-2 loss-of-function may have resulted
in lower aldosterone levels, lower blood pressure, and potassium-saving. Indeed, the CLC-
2 loss of function patient analyzed here (Fig. 5A) featured high serum potassium levels of
5.1 mmol/l (3.5-5.0), underscoring a proposed potassium-saving mechanism (Fig. 5C):
CLC-2 function determines aldosterone levels, which in turn regulate sodium vs. potassium
exchange in the renal collecting duct (Fig. 5C). Typical diets in the Stone Age included a
4-fold higher potassium uptake than in current diet due to consuming various plants (fruits,
leafy greens, vegetable fruits, and roots) and high NaCl uptake [40]. The combination of a
high-potassium diet and a salt-rich diet would be expected to lead to increased aldosterone
levels and, potentially, to increased blood pressure. Thus, a reduced CLC-2 function could
counteract these effects by decreasing aldosterone secretion; the Neanderthal CLC-2-gene
loss-of-function variants might reflect an adaptation to salt-rich diet. On the other hand, for
Neanderthals living in regions with a low salt supply, increased CLC-2 function due to gain-
of-function gene variants would allow for highly efficient reabsorption of NaCl in the kidneys.
Thus, depending on the environment, a loss or gain of function in CLC-2 could be expected
to be beneficial. Therefore, it is plausible that Neanderthal populations with variable CLC-2
functions may have been better prepared for local NaCl abundances and different local diets.

Conclusion

In summary, Neanderthal genomes exhibit an unusually high density of CLCNZ gene
variants, which may potentially indicate technical artifacts. However, physicochemical
features of these variants are similar to AMH and functional analyses of the Neanderthals
gene variants show that they impair Cl' channel function in most cases. Potentially, this could
represent a potential adaptation to local salt supply and could have also been associated
with reduced fertility in male Neanderthals. Current rare loss-of-function gene variants in
CLCNZ contribute to azoospermia and male infertility in modern humans.
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