
RESEARCH ARTICLE

RAC1 controls progressive movement and

competitiveness of mammalian spermatozoa

Alexandra AmaralID
1*, Bernhard G. HerrmannID

1,2*

1 Department of Developmental Genetics, Max Planck Institute for Molecular Genetics, Berlin, Germany,
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Abstract

Mammalian spermatozoa employ calcium (Ca2+) and cyclic adenosine monophosphate

(cAMP) signaling in generating flagellar beat. However, how sperm direct their movement

towards the egg cells has remained elusive. Here we show that the Rho small G protein

RAC1 plays an important role in controlling progressive motility, in particular average path

velocity and linearity. Upon RAC1 inhibition of wild type sperm with the drug NSC23766, pro-

gressive movement is impaired. Moreover, sperm from mice homozygous for the genetically

variant t-haplotype region (tw5/tw32), which are sterile, show strongly enhanced RAC1 activ-

ity in comparison to wild type (+/+) controls, and quickly become immotile in vitro. Sperm

from heterozygous (t/+) males, on the other hand, display intermediate RAC1 activity,

impaired progressive motility and transmission ratio distortion (TRD) in favor of t-sperm. We

show that t/+-derived sperm consist of two subpopulations, highly progressive and less pro-

gressive. The majority of highly progressive sperm carry the t-haplotype, while most less

progressive sperm contain the wild type (+) chromosome. Dosage-controlled RAC1 inhibi-

tion in t/+ sperm by NSC23766 rescues progressive movement of (+)-sperm in vitro, directly

demonstrating that impairment of progressive motility in the latter is caused by enhanced

RAC1 activity. The combined data show that RAC1 plays a pivotal role in controlling pro-

gressive motility in sperm, and that inappropriate, enhanced or reduced RAC1 activity inter-

feres with sperm progressive movement. Differential RAC1 activity within a sperm

population impairs the competitiveness of sperm cells expressing suboptimal RAC1 activity

and thus their fertilization success, as demonstrated by t/+-derived sperm. In conjunction

with t-haplotype triggered TRD, we propose that Rho GTPase signaling is essential for

directing sperm towards the egg cells.

Author summary

Spermatozoa are highly specialized cells designed for one particular purpose: to swim

towards the egg cells and fertilize them. Swimming is achieved by propelling rotation of

the flagellum, a complex molecular motor. Many proteins building the flagellum have

been identified, and mechanisms generating forward movement have been elucidated in
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some detail. However, how movement is directed towards the egg cells, is not well under-

stood. In this study, we provide evidence that the Rho small GTPase RAC1 plays a pivotal

role in sperm progressive movement. We show that inappropriately high or low RAC1

activity impairs progressive movement and the competitiveness of sperm within a sperm

population. Sperm with balanced RAC1 activity therefore gain a selective advantage in

reaching and fertilizing egg cells, as exemplified by the mouse t-haplotype. Our data high-

light the importance of Rho signaling in controlling progressive motility, in sperm compe-

tition, non-Mendelian inheritance and male (in)fertility.

Introduction

Forward movement requires two principal components, a driving force and steering. Mamma-

lian sperm motility is complex. Flagellar movement is driven by the phosphorylation of axone-

mal outer dynein arms followed by ATP hydrolysis, which generates force effecting sliding of

adjacent outer microtubule doublets in the axoneme and flagellar bending (for reviews see

[1,2]). Several upstream regulatory events are involved, of which calcium (Ca2+) signaling and

cyclic adenosine monophosphate (cAMP)-dependent protein kinase A (PKA) pathways are

central. CatSper, the main known Ca2+ channel in the mammalian sperm flagellar membrane,

is controlled by voltage and pHi, which are in turn controlled by potassium (K+) and sodium

(Na+) channels, and by ligands from the oviductal fluid [3]. A rise in the internal Ca2+ levels,

together with an increase in the concentration of bicarbonate (HCO3
-) prompted by specific

cellular transporters activate the atypical soluble adenylyl cyclase (sAC), which generates

cAMP. This leads to PKA activation and ultimately results in a cascade of protein phosphoryla-

tion events, elicited by sperm tyrosine kinases and balanced by serine/tyrosine phosphatases,

together regulating motility [4]. The putative protein targets here are numerous and any of

them may influence the way sperm move.

Progressive movement is mainly controlled via outer dynein arms (ODA), while inner

dynein arms (IDA) control the formation and propagation of flagellar bending [5–8]. How-

ever, how ODA and IDA activity are coordinated enabling directed movement of sperm

towards the egg cell(s) remains elusive.

During fertilization, sperm are competing against each other for reaching the egg cells first.

Though Mendelian genetics predicts that all sperm involved in the “fertilization race” have an

equal chance of success, there is one exemplary case in mammals known to break Mendel’s

rules, the well-studied t-haplotype in mouse. The t-haplotype is a genetic variant region of

some 40 Mb on chromosome 17 encoding several factors causing transmission ratio distortion

(TRD) from heterozygous (t/+) males [9,10]. Up to 99% of the offspring of t/+ males inherit

the t-haplotype chromosome. A large body of evidence suggests that TRD is achieved by

impairment of sperm motility by genetic variants expressed by the t-haplotype, termed distort-

ers, in combination with t-sperm specific rescue of sperm motility by the responder, a domi-

nant-negative protein kinase termed SMOKTCR [11,12]. The effect of the distorters therefore

provides access to understanding an important aspect of sperm motility control, successful

competition by superior progressive movement. Four distorters have been identified so far,

and all four represent genetic variants encoding regulators of Rho GTPases [13–15]. The most

recently reported factor is the RAC-specific guanine nucleotide exchange factor TIAM2 [16].

The distorters thus suggest an important role of Rho signaling in the control of directed sperm

movement.
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Physiological analyses have provided strong evidence that motility control is impaired in

sperm from mice carrying the t-haplotype. Homozygous t/t males produce sperm with almost

no progressive motility [17] and abnormal flagellar curvature [18] resulting in male sterility

[19]. Sperm from t/+ mice isolated either from the epididymis or from the female reproductive

tract after mating, on the other hand, show decreased velocity, altered swimming trajectories

and lower progressive motility compared to sperm from congenic +/+ mice [17,20,21]. It has

been suggested that motile sperm in t/+ samples consists of two subpopulations, one more

progressive and the other less progressive [18,22]. In combination with the high transmission

ratio of the t-haplotype it was assumed that the advantage of t-sperm over +-sperm derived

from t/+ males is based on superior motility. Consistent with this notion is the fact that the

number of sperm reaching the oviducts of females mated with t/+ males was around half the

number counted in females mated with +/+ males [23]. However, experimental evidence link-

ing sperm motility properties with sperm genotype has been lacking.

Rho family proteins, namely RHOA, RAC1 and CDC42, are highly conserved small

GTPases involved in signal transduction pathways controlling a variety of biological processes

in eukaryotic cells, including actin polymerization and cell migration, in part via chemotaxis

[24–28]. They act as molecular switches, by interconverting between active GTP-bound and

inactive GDP-bound conformational states and are mainly regulated by GDP/GTP exchange

factors (GEFs), GTPase-activating proteins (GAPs) and guanine nucleotide dissociation inhib-

itors (GDIs) [29]. The distorters involved in TRD we previously identified encode the GAP

TAGAP, the GEF FGD2, the nucleoside diphosphate kinase NME3, and TIAM2, a GEF

known to act specifically on RAC1 [13–15]. Therefore, we have proposed that RAC1 plays an

important role in regulating sperm motility [16].

In this study we have investigated the role of RAC1 in mammalian sperm motility at the

physiological level. Our data show that both enhanced and reduced RAC1 activity impairs

sperm progressive movement and suggest that, within a sperm population, sperm with bal-

anced RAC1 activity have an advantage in the race towards the egg cells. RAC1 thus plays a

crucial role in controlling progressive motility and competitiveness of sperm.

Results

RAC1 inhibition affects sperm motility

A number of small molecule inhibitors targeting specific Rho-GTPases or their downstream

effectors have been developed and extensively used to unravel the roles of Rho signaling in dif-

ferent somatic cell types [27]. To determine if Rac signaling is involved in sperm motility regu-

lation, we have incubated wild-type sperm with the RAC1-specific inhibitor NSC23766 and

checked if sperm motility parameters were affected, using an up-to-date computer assisted

sperm motility analysis (CASA) system (S1 Fig). CASA outcomes clearly showed that RAC1

inhibition alters sperm motility and modifies the shape of sperm tracks, which tend to become

circular, in a concentration- and time-dependent manner (S1–S4 Videos). RAC1 inhibition

affected sperm velocity (resulting in lower values of average path velocity—VAP, straight-line

velocity—VSL, and curvilinear velocity—VCL) and progressive motility (lower linearity—

LIN, and straightness—STR), along with a decrease in the amplitude of the lateral head dis-

placement (ALH) and an increase in beat cross frequency (BCF; Fig 1, S1 Table and S1 Data-

set). RAC1 inhibition did not change the percentage of motile sperm in any of the

experimental conditions tested (Fig 1, S1 Table and S2 Dataset). Similar results were obtained

with the Rac inhibitor EHop-016, which also induced a decrease in sperm velocity and pro-

gressive motility (S1 Table and S3 Dataset), without having any effect on the percentage of
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motile sperm (S1 Table and S2 Dataset). Thus, motility parameters related to sperm velocity

and progressive motility are controlled by Rac signaling.

The t-haplotype also impairs sperm velocity and progressive motility

Next, we asked if motility parameters affected by the t-haplotype resemble those affected by

RAC1 inhibition in wild type sperm. We used CASA to compare sperm motility parameters in

background-matched wild type (+/+), heterozygous t (t/+) and homozygous t (tw5/tw32) sam-

ples (S5–S7 Videos). Sperm from t/+ mice showed decreased velocity (lower VAP, VSL and

VCL; Ps< 0.001) and progressive motility (lower LIN and STR; Ps< 0.001), compared to

+/+ controls. The values were further reduced in sperm from t/t males (Figs 2 and S2 and S4

Dataset). Moreover, ALH was also decreased, while BCF was increased (Ps< 0.001). There-

fore, the t-haplotype has a similar effect on sperm motility parameters as the RAC1 inhibitor

Fig 1. RAC1 inhibition affects motility parameters of wild type mouse sperm. Box plots (showing the median and first and third quartiles) with

whiskers (from minimum to maximum) of average path velocity (VAP) and linearity (LIN) of sperm after incubation without (Ct: control) or with

different concentrations of NSC23766 (NSC, μM) for 30 min (n = 2705, 2185, 2040 or 1581 sperm for Ct, NSC5, NSC25 or NSC50, respectively) and

60 min (n = 2178, 1597, 1431 or 1269 sperm for Ct, NSC5, NSC25 or NSC50, respectively). For each condition, the percentage of motile sperm

(mean ± standard error, n = 11 samples) is also shown (bottom boxes). Statistically significant differences between treatments are indicated by

distinct letters (Ps< 0.001).

https://doi.org/10.1371/journal.pgen.1009308.g001
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NSC23766: both cause a decrease in VAP, VSL, VCL, ALH, STR and LIN, along with an

increase in BCF.

RAC1 activity is enhanced in t-sperm

The above data suggested a possible link between aberrant RAC1 activity and impaired motil-

ity observed in sperm from males carrying the t-haplotype. In addition, genetic data previously

have shown that expression of the RAC1 GEF TIAM2S from the t-haplotype is upregulated

compared to wild-type, acts as distorter and enhances TRD in favor of the t-haplotype [16]

suggesting that Rac1 signaling is increased in sperm derived from t/+ and t/t mice. To test if

this is the case, we measured the levels of the active form of RAC1 (RAC1-GTP) in sperm sam-

ples. The data show that RAC1 activity indeed is strongly increased in t/t samples compared to

+/+ (P< 0.001), while t/+ sperm on average show an intermediate level (Fig 3).

t/+-derived sperm consist of two subpopulations with overlapping +/+ and

t/t motility profiles

We observed sperm motility using CASA. The majority of motile sperm in +/+ samples dis-

played progressive movement (blue tracks; Fig 4A), while scarce motile sperm in t/t samples

showed little progressive motility (green tracks; Fig 4C). Interestingly, in t/+ samples around

half of the motile sperm showed progressive movement, while the other half moved less pro-

gressively (Fig 4B). These observations were corroborated by the frequency distributions of

LIN, a measure of sperm progressive motility. As expected, in +/+ and t/t samples LIN follows

normal “bell-shaped” distributions, with a strong offset of the histogram to the left in t/t sperm

(Fig 4D and 4F and S2 Table). In contrast, the heterozygous (t/+) samples revealed a com-

pound of overlapping “t/t-profile” and “+/+-profile” (Fig 4E), as reported previously [18].

Thus, the microscopic sperm tracks and the frequency distribution histograms show that t/
+ derived sperm samples consist of two overlapping subpopulations of motile sperm with dif-

ferent progressive motility.

Fig 2. The t-haplotype impairs sperm progressive movement. Box plots (showing the median and first and third quartiles) with

whiskers (from minimum to maximum) of average path velocity (VAP) and linearity (LIN) of sperm from wild type (+/+; n = 7151

sperm), heterozygous t (t/+; n = 8335 sperm) or homozygous t (t/t; n = 813 sperm) mice, immediately after sperm isolation. Asterisks

indicate statistically significant differences between genotypes (���Ps< 0.001). The percentages of motile sperm (mean ± standard error;

n = 15 +/+ samples, 15 t/+ samples and 15 t/t samples) are displayed in the bottom box (statistically significant differences between

genotypes are indicated by distinct letters; Ps< 0.001).

https://doi.org/10.1371/journal.pgen.1009308.g002
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Highly progressive sperm from t/+ males mostly carry the t-haplotype

If high RAC1-GTP causes low progressiveness one would expect that among t/+ derived

sperm the t-haplotype is more frequently found in less progressive sperm. However, the t-hap-

lotype promotes its own transmission to the next generation suggesting that t-sperm should

move more progressively than +-sperm. To determine which assumption holds true we used

micro-pipetting under a stereo microscope to isolate highly or less progressive single sperm

cells (for details see Materials and Methods). Genotyping of more than 100 single sperm cells

of each phenotype by PCR (S3 Fig) revealed that highly progressive sperm more frequently

contained the t-haplotype, while less progressive sperm are enriched for the wild type chromo-

some (Fig 5A; P = 0.0005). Thus, our data, for the first time, demonstrate that with respect to

progressive movement, among sperm derived from t/+ males t-sperm are indeed superior to

+-sperm.

RAC1 inhibition rescues progressive motility in +-sperm derived from t/
+ males

The above data suggest that the t-haplotype is able to trigger high RAC1-GTP levels in

+-sperm derived from t/+ males, and thereby impair progressive motility in +-sperm, while t-
sperm are protected and move more progressively. If that were the case, RAC1 inhibition

should rescue progressive motility in +-sperm among t/+ sperm samples. Indeed, after a short

(i.e., 30 min) incubation with low concentrations of NSC23766 (5 μM), the sperm motility tra-

jectories of t/+ samples resembled those of +/+ samples (S8 and S9 Videos). This microscopic

observation was confirmed by frequency distribution histograms of sperm linearity (Fig 5B),

that change from a bimodal distribution (typical for t/+ samples) in controls to an almost nor-

mal distribution typical for +/+ samples (compare with Fig 4D) in the presence of NSC23766

Fig 3. RAC1-GTP levels are strongly elevated in t-sperm. Scatter dot plots of RAC1-GTP levels in sperm from wild

type (+/+; n = 6), heterozygous t (t/+; n = 4) or homozygous t (t/t; n = 6) mice (mean ± standard error is indicated).

Each dot shows the mean of three technical replicates. Asterisks indicate a statistically significant difference between

genotypes (���P< 0.001).

https://doi.org/10.1371/journal.pgen.1009308.g003
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(S2 Table). These data suggested that RAC1 inhibition at low NSC concentrations at least par-

tially rescues the motility of the low-LIN subpopulation of sperm derived from t/+ males (Fig

5B). Progressive motility (LIN and STR) and, to a slight extent, velocity (VAP and VSL) were

improved (S1 Table, S4 Fig and S5 Dataset). Improved progressive motility of t/+ samples was

also achieved by the incubation with low concentrations of EHop-016 (S1 Table, S5 Fig and S6

Dataset). However, at high NSC23766 concentrations this rescue effect was reversed, and pro-

gressive motility was again impaired as observed in +/+ samples (S1 Table, S4 Fig and S5

Dataset).

To obtain further evidence that low RAC1 inhibition indeed rescued the +-sperm subpopu-

lation among t/+ samples we isolated highly or less progressive single sperm cells from NSC-

treated t/+ samples by micro-pipetting (Fig 5C). Genotyping of over 100 sperm of each pheno-

type showed that sperm genotype and progressive motility were unrelated. Highly progressive

sperm contained the t-haplotype only slightly, but insignificantly more often. Less progressive

sperm showed equal distribution of t- and +-chromosomes. Thus, RAC1 inhibition by NSC

indeed rescued progressive motility in +-sperm among t/+ samples.

We then asked if a reduction of RAC1 activity by NSC23766 might also have an effect on

the progressive movement of sperm from t/t males. Our data show that treatment with

NSC23766 for 30 min slightly improved sperm linearity and increased the percentage of motile

sperm at higher NSC23766 concentrations (25–50 μM) (S3 Table and S7 Dataset).

Fig 4. Motility tracks and linearity profiles of sperm from different genotypes. (A, B, C) Representative sperm tracks of +/+ (A), t/+
(B) and t/t (C) samples generated by CASA (computer assisted sperm motility analysis). Tracks color code: blue–progressive; green–less

progressive; red–immotile (excluded from analysis); yellow–late tracks (recording started after the first 10 frames; excluded from

analysis). (D, E, F). Histograms showing the frequency distribution of sperm over linearity (LIN; %) bins in +/+ (D; n = 7151 sperm), t/+
(E; n = 8335 sperm) and t/t (F; n = 813 sperm) samples (n = 15 samples each).

https://doi.org/10.1371/journal.pgen.1009308.g004

PLOS GENETICS RAC1 controls sperm progressive motility

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009308 February 4, 2021 7 / 22

https://doi.org/10.1371/journal.pgen.1009308.g004
https://doi.org/10.1371/journal.pgen.1009308


The combined data suggest that the progressive motility of sperm requires an optimal level

of RAC1-GTP. High RAC1-GTP levels, as observed in t/t sperm samples, strongly impair

sperm progressive movement, and low RAC1-GTP, as achieved by high NSC23766 concentra-

tions, also impairs velocity and progressive motility of +/+-derived sperm. In t/+ sperm, the t-
haplotype is able to trigger elevated RAC1-GTP levels, which impair progressive motility in

+-sperm, while sperm progressive motility in t-sperm is not affected due to rescue by the dom-

inant-negative kinase SMOKTCR [10,11]. Taken together, our data provide strong evidence

that the Rac1 signaling pathway acts as regulator of progressive movement in mouse sperm.

RAC1 inhibition also modulates the motility of bull sperm

Finally, we asked whether Rac1 signaling is also involved in sperm motility regulation in

another mammalian species. We analyzed the effects of NSC23766 treatment on bull sperm,

and show that RAC1 inhibition also affects bull sperm motility parameters (Fig 6, S4 Table and

S8 Dataset). However, in contrast to wild type mouse sperm, NSC23766 induces statistically

significant increases in sperm velocity (higher values of VAP, VSL and VCL) and progressive

motility (increased LIN and STR), along with a decrease in beat frequency (lower BCF values),

in a concentration-dependent manner. Similar results were obtained with the RAC inhibitor

Fig 5. Effect of RAC1 inhibition on progressive motility of (+) sperm from heterozygous (t/+) mice. (A, C) Bar graphs showing the percentage of highly vs. less

progressive sperm singly genotyped as + or t carriers. (A) Sperm isolated from t/+ samples. (C) Sperm isolated from t/+ samples incubated with 5 μM NSC23766 for

30 min. Asterisks indicate association (���P< 0.001) and NS (not significant) a random relation between progressiveness and t genotype of sperm. (B) Histograms

showing the frequency distribution of sperm over linearity (LIN; %) bins in t/+ samples (n = 7) incubated without (controls; upper graph; n = 2019 sperm) or with

5 μM NSC23766 (lower graph; n = 2306 sperm) for 30 min.

https://doi.org/10.1371/journal.pgen.1009308.g005
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EHop-016 (S4 Table and S9 Dataset). Thus, RAC1 inhibition improved the motility of ejacu-

lated bull sperm. The data suggest that RAC1 might be a common regulator of sperm motility

in mammals.

Discussion

Here we present strong evidence that RAC1 plays an important role in controlling progressive

movement in mouse sperm. In addition, our data reveals that progressive motility requires

fine tuning of RAC1 activity. In conjunction with TRD triggered by the t-haplotype, our data

suggest that unsuitable levels of RAC1 activity can impair directed movement in individual

sperm and thus their ability to compete successively in the race for egg cells prior to fertiliza-

tion. Moreover, excessive RAC1 activity is involved in rendering sperm immotile causing male

sterility.

Fig 6. Effects of RAC1 inhibition on motility parameters of bull sperm. Box plots (showing the median and first and third quartiles) with

whiskers (from minimum to maximum) of average path velocity (VAP) and linearity (LIN) of sperm incubated without (Ct: control) or with

different concentrations of NSC23766 (NSC, μM) for 30 min (n = 2186, 2224, 2116 or 2493 sperm for Ct, NSC5, NSC25 or NSC50, respectively) and

60 min (n = 2128, 2092, 2156 or 2572 sperm for Ct, NSC5, NSC25 or NSC50, respectively). For each condition, the percentage of motile sperm

(mean ± standard error, n = 7 samples) is also shown (bottom boxes). Statistically significant differences between treatments are indicated by

distinct letters (Ps< 0.001).

https://doi.org/10.1371/journal.pgen.1009308.g006
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Although it has long been assumed that t-haplotype TRD is triggered by differences in the

motility of t- and +-sperm derived from t/+ heterozygous males, this has never been proven

experimentally. Here, by genotyping single sperm from t/+ mice isolated according to motility

patterns (highly progressive versus less progressive), we have validated the hypothesis that t-
sperm overall move better forward than +-sperm. This differential ability explains the advan-

tage of t-sperm over +-sperm in reaching and fertilizing egg cells, thereby promoting the trans-

mission of the t-haplotype to the next generation. Interestingly, though sperm from t/t males

become immotile very quickly and t/t males are consequently sterile, this deficiency is turned

into an advantage for t-sperm among sperm from t/+ males. This truly amazing trick of the t-
haplotype is based on the rescuing effect of the responder, the dominant-negative kinase

SMOKTCR [11]. The latter has been proposed to counterbalance the “poisoning” effect of the

distorters encoding regulators of Rho GTPases such as the RAC1-specific GEF TIAM2 [16].

We have previously shown that overexpression of TIAM2S from a transgene construct pro-

motes the transmission of the t-haplotype from t/+ males. Our current data therefore support

our hypothesis that TIAM2S, by increasing the activity of RAC1, contributes to the

impairment of sperm motility. The latter occurs in all sperm from t/+ males, while the rescuing

activity, SMOKTCR, is restricted to t-sperm [30], and this is the reason why specifically t-sperm

can compensate for the deregulated Rho signaling induced by distorters and regain proper for-

ward movement. The fact that lowering RAC1 activity in sperm from t/+ males by the inhibi-

tor NSC23766 equalizes the motility behavior of (+)-sperm and t-sperm confirms the

conclusion that indeed +-sperm cells from t/+ males are compromised and further emphasizes

the important role of RAC1 in progressive sperm movement and TRD (S6 Fig). Rac1 also is

the first gene located outside the t-haplotype shown to be involved in TRD.

How are Rho GTPase signaling and the sperm motility kinase SMOK, which are crucial for

TRD, linked to the axoneme, which generates motion? The dominant-negative nature of the

responder, SMOKTCR, previously led us to propose that the distorters control SMOK through

an activating and an inhibitory pathway, and that SMOK is a central regulator of flagellar

movement [11,14–16]. Our data confirm that RAC1, and thus Rho signaling is crucial for pro-

gressive forward movement of sperm, and link the high success rate of t-sperm from t/+ males

in fertilization resulting in TRD, with the control of sperm progressive movement by RAC1.

Previous reports have shown that sperm can be guided via chemotaxis to the egg cells and that

follicle cells may provide the chemotactic signal [31]. There is also a large body of evidence

demonstrating an important role of RAC1 in cell migration as well as in chemotaxis of somatic

cells [24,25,28,32]. Therefore, it is quite suggestive that RAC1 might be involved in directing

sperm along the gradient of a chemoattractant towards the egg cells via chemotaxis. This

would provide a plausible link between the central role of RAC1 in the control of sperm pro-

gressive movement, the (SMOK activating) distorter pathway, and the high fertilization suc-

cess of t-sperm from t/+ males. It would also imply that Rho GTPase signaling acts between an

unknown chemotactic sensor (receptor) in the plasma membrane, and SMOK. It is known

that dynein arm phosphorylation by kinases activates dynein ATPases, and the hydrolysis of

ATP is converted into force effecting microtubular sliding in the axoneme; and SMOK might

be one of the kinases involved in dynein control. Dephosphorylation reverses this process.

Both the cyclic AMP/protein kinase A (cAMP/PKA) pathway and calcium signaling are at the

hub of motility control, but many more interconnected regulatory pathways are involved (for

reviews see [1,2,4,33,34]). It is quite likely that these pathways are mainly implicated in gener-

ating motion, while according to our data Rho signaling and SMOK are involved in directing

(“steering”) sperm cells.

Enhanced activation (+-sperm from t/+ mice) as well as inhibition (NSC23766 or EHop-

016 in +/+ mice) of RAC1 result in reduced sperm progressive motility, emphasizing the
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requirement of Rac fine-tuning for proper forward movement of mouse sperm. Similarly, it

has been shown that a small change in Rac activity alters the directionality of cell migration in

human fibroblasts and epithelial cells, among other somatic cells, and that either too high or

too low Rac activities inhibit cell migration [35]. Moreover, RAC1 was suggested to have a

dual role in regulating mesenchymal cell migration and invasion, by driving two signaling cas-

cades, one promoting and one inhibiting cellular movement [36].

Our data show that the velocity and progressive motility of bull sperm were improved by

treatment with the RAC1 inhibitors NSC23766 and EHop-016, suggesting that RAC1 is

slightly overactive in ejaculated bull sperm, which might have been induced by the cryopreser-

vation process [37,38]. However, since the semen donors were individual males of a particular

breed, natural variation giving rise to slightly non-optimal Rac activity cannot be excluded.

The results suggest that RAC1 activity modulates sperm swimming behavior not only in mice,

but also in other mammals.

It is well established that Rac1, RhoA and Cdc42 are expressed in mammalian sperm head

and tail [39–41]. Their expression in the head has mainly been studied in the context of actin

polymerization during capacitation and acrosome reaction control [42–47]. But there are also

studies pointing to a role of Rho GTPases in the sperm tail, related to motility control. For

instance, long-time incubation of bovine sperm with a Rho inhibitor resulted in motility

decline [48]. Moreover, rhophilin, a Rho small GTPase-binding protein, and its binding part-

ner ropporin, are expressed in the sperm tail principal piece and were suggested to be motility

modulators [49,50]. Interestingly, mice lacking either ropporin 1 or ropporin 1-like protein

showed altered sperm motility parameters, with lower velocities, lower LIN and STR and

higher BCF [51], alterations that resemble the ones we observed in mice expressing the t-hap-

lotype. The involvement of Rho signaling in human sperm motility regulation was also sug-

gested by results of proteomic comparisons between normozoospermic and

asthenozoospermic (i.e., presenting with low sperm motility) cohorts [52,53]. It will be inter-

esting to see if Rac also controls human sperm, and if any forms of male infertility caused by

impaired sperm motility in man may be related to improper Rac activity.

Although cell motility control by Rho GTPases is usually associated with actin cytoskeleton

regulation, Rho GTPases are also known to influence microtubule organization and dynamics

in somatic cells [54–57]. The (concomitant) involvement of actin regulation may also play a

role in the molecular organization of the flagellar structures implicated in sperm motility [58].

And in fact, actin polymerization modulators were shown to induce sperm motility defects in

different mammalian species, including guinea pig [59], human [60,61] and macaque where a

RhoA signaling mechanism seems to be involved [62]. Moreover, actin reorganization may

also participate in the acquisition of sperm motility during epididymal maturation, through

pathways involving both Rac1 and Cdc42 [63].

Materials and methods

Ethics statement

Animal usage for organ dissection was approved by the Animal Welfare Committee of the

Max Planck Institute for Molecular Genetics (under license number T0279/16 of the LaGeSo

Berlin).

Reagents and medium

All reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless otherwise

stated.

PLOS GENETICS RAC1 controls sperm progressive motility

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009308 February 4, 2021 11 / 22

https://doi.org/10.1371/journal.pgen.1009308


Sperm isolation, processing and motility analyses were done using fresh and filtered supple-

mented Krebs-Ringer (sKR) medium [93.7 mM NaCl, 4.7 mM KCl, 1.2 mM KH2PO4, 1.2 mM

MgSO4, 1.7 mM CaCl2, 5.6 M glucose, 0.33 mM sodium pyruvate, 21 mM sodium lactate, 25

mM NaHCO3, 10 mM HEPES, 1% (w/v) bovine serum albumin, 100 units/ml potassium peni-

cillin and 0.1 mg/ml streptomycin sulfate, pH 7.4], pre-equilibrated at 37˚C and 5% CO2. This

medium mimics the physiological conditions of the mammalian female reproductive tract and

induces sperm capacitation.

Mice. Sexually mature male congenic mice (i.e., at least 8 weeks old) with different t geno-

types were used in this study: a) wild-type (+/+; C57BL/6J), b) heterozygous t (t/+; mice carry-

ing one of the naturally occurring complete t-haplotypes—tw5 or tw32- maintained for > 100

generations on the C57BL/6J genetic background—in heterozygosity), c) homozygous t (t/t;
mice carrying tw5 and tw32 in compound heterozygosity). All comparisons between genotypes

were done using age-matched animals.

Bull semen. Cryopreserved semen samples from 7 Holstein bulls were provided by Rin-

derbesamungs Genossenschaft Memmingen e.G. (Memmingen, Germany).

Mouse epididymal sperm isolation and preparation

Mice were euthanized by cervical dislocation and epididymides were isolated, cleaned from

adipose and connective tissues, and rinsed in sKR medium. Cauda epididymides free of large

blood vessels (carefully extracted with tweezers) were transferred to 1 ml sKR medium and

nicks were made with a needle, while applying small pressure with tweezers, to induce sperm

release. This was followed by 10 min incubation at 37˚C, 5% CO2, to allow sperm to swim-out,

after which the tissue was removed. To discard any remaining tissue pieces, suspensions were

centrifuged for 1 min, at 100 x g and clean suspensions were gently mixed by swirling. Wide

bore pipette tips were used for all sperm pipetting.

Bull sperm preparation

Cryopreserved semen samples were thawed in a water bath at 37˚C and centrifuged for 5 min

at 800 x g. Sperm pellets were washed and resuspended in sKR medium.

RAC1 inhibition

In order to study the putative effects of RAC1 inhibition in sperm motility, we took advantage

of available pharmacological tools. Two well-characterized RAC1 inhibitors were selected

(NSC23766 and EHop-016; Tocris Bioscience, Bristol, UK) and tested in the ranges of concen-

trations used by others in different mammalian cells. NSC23766 and EHop-016 are cell-per-

meable small molecule inhibitors that prevent RAC1 activation by RAC1-specific GEFs, with

an IC50 of 50 μM and 1 μM, respectively [64–66]. NSC23766 inhibits RAC1 specifically, while

EHop-016 inhibits both RAC1 and RAC3 (as well as CDC42 at concentrations > 5 μM).

Worth mentioning, and as observed by others for NSC [45], the inhibitors do not affect mouse

sperm viability in the concentrations and incubation times used.

Small Petri dishes containing sKR medium were prepared in the absence (control) or pres-

ence of increasing concentrations of NSC23766 (5 μM, 25 μM, 50 μM) or EHop-016 (1 μM,

2.5 μM, 5 μM). Stock solutions with distinct concentrations of the drugs were prepared, so that

equal volumes of drugs were added in the different conditions. The same volume of water

(NSC) or DMSO (EHop) was added to controls. Sperm samples were added to each Petri dish

(final concentration of around 2 x 105 cells/ml) at successive time points and were incubated at

37˚C, 5% CO2. Motility analysis was performed by CASA as described next, after 30 min and

60 min incubation. Data from different samples were combined (n = 4 to 11, depending on the
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experiment), so that around 1000–2000 sperm tracks were analyzed for each experimental

condition. For t/t mouse sperm the number of tracks analyzed ranged from 339 to 495.

Computer assisted sperm motility analysis (CASA)

CASA uses serially captured digital images of motile sperm heads to reconstruct individual tra-

jectories (sperm tracks) and compute parameters defining sperm kinematics [67,68], namely

describing sperm speed, progression and trajectory shape (S1 Fig). Three sperm trajectories

are computed for each sperm: the actual trajectory (called curvilinear path), the average

trajectory (average path) and a straight-line path from the first to the last detected sperm

head position (straight-line path). Based on these paths, three velocities (μm/s) are defined:

curvilinear velocity (VCL), average path velocity (VAP) and straight-line velocity (VSL). The

deviation of a sperm head from its average path is called amplitude of lateral head displace-

ment (ALH; μm). And the average rate at which the curvilinear path crosses the average path

is termed beat cross frequency (BCF; number per second; a derivation of the frequencies of

rotation of the head and of flagellar beat). The linearity of the curvilinear path and of the aver-

age path are given by LIN (linearity = VSL/VCL; %) and STR (straightness = VSL/VAP; %),

respectively.

Samples were diluted to a concentration of around 2 x 105 sperm/ml using sKR medium

and incubated at 37˚C, 5% CO2 for 5 min. Sperm motility was analyzed by the CASA system

CEROS II Animal Motility (software version 1.7.1; Hamilton Thorne, Beverly, MA, USA),

using a BA310 microscope (Motic, Beijing, China), equipped with a MiniTherm stage warmer

and a JAI CM-030-GE CCD camera. Sperm tracks (1.5 s) were captured at 37˚C with a 4x

dark-field objective, by recording 90 frames at a 60 Hz frame capture speed. The camera was

set to 14 ms exposure, with 600 gain. Kinematics settings were: cells counted as progressive if

STR> 50% and VAP > 50 μm/s; slow cells VAP and VSL cut-offs 10 μm/s and 0 μm/s, respec-

tively; static VSL and VAP cut-offs of 0 μm/s. Pre-warmed Leja slides (100 μm depth; Leja

Products B.V., Nieuw Vennep, The Neatherlands) were used and the capillary correction was

set to 1.3. Slides were cleaned with lens-cleaning paper and each chamber was filled with 25 μL

sperm suspensions, by capillary action. For each sample analyzed, tracks and kinematic

parameters of sperm in several non-overlapping fields were recorded, covering the whole view-

able area of the two chambers within one slide. Tracks from immotile sperm or from motile

sperm with less than 45 points (half the number of total frames) were not included in the

analyses.

Mouse sperm. For illumination, maximum and minimum photometer values were set to

42 and 37, respectively. For cell detection, the following settings were used: 90% maximum

elongation, 1% minimum elongation, 135 minimum head brightness, 200 μm2 maximum size

head, 20 μm2 minimum size head, 52 minimum tail brightness, 10 minimum tail brightness

auto offset, using minimum tail brightness manual mode.

For the comparison of sperm motility parameters between genotypes, 15 +/+, 15 t/+ and 15

t/t mice were used and data from the different animals were combined for each genotype (total

number of sperm analyzed: 7151 +/+; 8335 t/+; 813 t/t).
Bull sperm. The CASA setup used for bull sperm analysis was similar to the one used for

mouse sperm, except for the following settings: maximum and minimum photometer values

were set to 48 and 43; 98 minimum head brightness, 47 minimum tail brightness and 10 μm2

minimum size head were used for cell detection.

Total sperm motility. The percentage of motile sperm (i.e., showing any kind of motility)

was determined by scanning the recorded videos. At least 200 sperm, from at least four differ-

ent videos (i.e., four non-overlapping microscopic chamber fields) were counted per sample.
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RAC1-GTP levels

Sperm RAC1-GTP levels (a proxy for RAC1 activity) were compared between +/+ (n = 6), t/+
(n = 4) and t/t (n = 6) mice by using the luminescence-based G-LISA Rac1 activation assay bio-

chem kit (Cytoskeleton, Inc., Denver, CO, USA), according to the manufacturer´s guidelines.

Samples were washed in Dulbecco’s Phosphate Buffered Saline (DPBS; Lonza, Basel, Switzerland)

and sperm pellets were used to prepare lysates. A preliminary experiment was performed in order

to check that the assay was in the linear range. Extracts were equalized to 0.4 mg/ml total protein.

Samples were run in triplicates and readings were done using a GloMax multi-detection system

(Promega, Madison, WI, USA). Only triplicate values with low variance were accepted.

Isolation and genotyping of single mouse sperm with different

progressiveness

Two sets of experiments were performed using heterozygous t (t/+) samples: 1) immediately

after sperm isolation; 2) after 30 min incubation with 5 μM NSC. Ten μl sperm suspensions

(diluted 1500-3000X in sKR medium) were dropped in small Petri dishes and covered with

mineral oil. Sperm were observed with a Leica M205 C stereo microscope using Rottermann

Contrast (RC; Nußloch, Germany) and the swimming pattern of individual sperm were care-

fully examined. Motile sperm a) highly progressive and b) less progressive were individually

isolated using pulled glass capillary tubes with metal holder and filtered tubing controlled with

a mouthpiece. To distinguish highly progressive and less progressive sperm we used several

videos of heterozygous t (t/+) samples recorded with the CASA system from which the marked

sperm tracks were omitted (S10 Video) as training set. By viewing the same sperm tracks with

color code (i.e., blue for highly progressive and green for less progressive sperm), we could

compare our classifications with those set by CASA. We then practiced observing sperm mov-

ing in drops in small Petri dishes for longer time periods (the videos recorded by CASA are

short) using a stereo microscope. At last, only sperm that were clearly distinct in motility,

either evidently highly progressive (straight trajectory) or less progressive (sinuous trajectory)

were isolated and subjected to PCR analysis. For each sample (n = 10 for experiment 1; n = 11

for experiment 2), around 20 highly progressive sperm, 20 less progressive sperm and 20 nega-

tive controls (i.e., culture medium without any sperm—to exclude false positive results caused

by amplicon carryover contamination, a common issue in single cells PCR) were isolated. Sin-

gle sperm DNA extraction and amplification were done using the REDExtract-N-Amp Tissue

PCR Kit, according to the manufacturer´s indications, with small modifications. Single sperm/

negative controls were incubated in 4 μl extraction buffer supplemented with 40 mM DTT for

at least 1h at room temperature. After 3 min incubation at 95˚C, 4 μl neutralization solution

was added and samples were stored at 4˚C. For positive controls, sperm samples from +/+, t/
+ and t/t mice were used. Single sperm were genotyped by 40 μl PCR using primers Vil2-L and

Vil2-R (TCATGGACCAACACAAGCTC and CACAAAACTGAAATCTCCCTCTC; MGI

accession ID: 3033374) with the following cycling conditions: initial denaturation at 94˚C for 3

min, 40 cycles with denaturation at 94˚C for 30 s, annealing at 57˚C for 35 s and extension at

72˚C for 30 s, and final extension at 72˚C for 2 min. The resulting PCR-amplified fragment

displays a length polymorphism distinguishing the wild-type (228 bp fragment) and t-haplo-

type (195 bp fragment) proximal region of chromosome 17. PCR products were resolved on

4% agarose gels, and product size confirmed against a 100 bp plus DNA ladder (Thermo Fisher

Scientific, Waltham, MA, USA).

The results of the different samples were pooled, reaching a total of 226 (experiment 1; 109

highly progressive sperm and 117 less progressive sperm) and 219 (experiment 2; 109 highly

progressive sperm and 110 less progressive sperm) unequivocally genotyped sperm.
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Statistical analyses

Statistical analyses were done using GraphPad Prism version 5.03 for Windows (GraphPad

Software, San Diego, CA, USA). The normality of numerical data distributions was tested

using D’Agostino and Pearson omnibus normality test and the subsequent tests were chosen

accordingly. Sperm kinematic parameters were compared (between t genotypes, and between

drug treatments and controls) using Kruskal-Wallis test and Dunn´s multiple comparison test.

The percentages of motile sperm in mouse samples of different t genotypes were compared

using one-way analysis of variance (ANOVA) and Tukey´s multiple comparison test. Repeated

measures ANOVA and Tukey´s multiple comparison test was used to compare the percent-

ages of mouse or bull motile sperm in drugs experiments (pairing was significantly effective in

all cases). Individual values for RAC1 activity were obtained by calculating the mean of the

triplicates and samples were compared by one-way ANOVA and Tukey´s multiple compari-

son test. Categorical data (sperm progressiveness over genotype contingency tables) were ana-

lyzed by Fisher´s exact test. P values< 0.001 were considered significant.

Supporting information

S1 Table. Sperm motility and kinematic parameters in wild type (+/+) and heterozygous t
(t/+) mouse samples incubated in the absence (controls) or presence of the RAC1 inhibi-

tors NSC23766 or EHop-016 for 30- and 60-min. The percentage of motile sperm is given as

the mean ± standard error. Kinematic parameters are expressed as median (with 25th-75th per-

centiles). For each parameter, within each genotype, statistically significant differences

between treatments are indicated by different letters (Ps< 0.001).

(TIF)

S2 Table. Frequency distribution over sperm linearity bins. Percentages of sperm in each

linearity (LIN) BIN and cumulative percentages of more progressive sperm (sum indicated in

red; dashed line indicates the transition between the +/+ and t/t profile) are shown. (Left side)

Comparison between sperm from wild type (+/+; n = 7151), heterozygous t (t/+; n = 8335)

and homozygous t (t/t; n = 813) mice. (Right side) Comparison between sperm from t/+ sam-

ples incubated without (control–Ct; n = 2306 sperm) or with 5 μM NSC23766 (NSC5;

n = 2019 sperm) for 30 min.

(TIF)

S3 Table. Sperm motility and kinematic parameters in homozygous t (t/t) mouse samples

incubated in the absence (controls) or presence of the RAC1 inhibitor NSC23766 for 30

minutes. The percentage of motile sperm is given as the mean ± standard error. Kinematic

parameters are expressed as median (with 25th-75th percentiles). Statistically significant differ-

ences between treatments are indicated by different letters (Ps< 0.01).

(TIF)

S4 Table. Sperm motility and kinematic parameters of bull samples incubated in the pres-

ence or absence (controls) of the RAC1 inhibitors NSC23766 or EHop-016 for 30- and

60-min. The percentage of motile sperm is given as the mean ± standard error. Kinematic

parameters are expressed as median (with 25th-75th percentiles). Statistically significant differ-

ences between treatments are indicated by distinct letters (Ps< 0.001).

(TIF)

S1 Fig. Computer Assisted Sperm Motility Analysis (CASA) parameters describe sperm

speed, progression and trajectory shape. Schematic drawing explaining the kinematic

parameters computed by CASA. Three trajectories are established: curvilinear path (real
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trajectory), average path, and linear path (straight line trajectory). Three velocities (μm/s) are

calculated based on these paths: curvilinear velocity (VCL), average path velocity (VAP) and

straight-line velocity (VSL). The amplitude of the lateral head displacement (ALH; μm) is the

deviation of a sperm head from its average path. Beat cross frequency (BCF; number per sec-

ond) is the average rate at which the curvilinear path crosses the average path (a derivation of

the frequencies of rotation of the head and of flagellar beat). The linearity of the average path is

given by straightness (STR = VSL/VAP; %) and the linearity of the curvilinear path is called

linearity (LIN = VSL/VCL; %).

(TIF)

S2 Fig. Additional motility parameters of sperm from mice with different t genotypes.

Box plots (showing the median and first and third quartiles) with whiskers (from minimum to

maximum) of straight-line velocity (VSL; A), curvilinear velocity (VCL; B), amplitude of the

lateral head displacement (ALH; C), beat cross frequency (BCF; D) and straightness (STR; E)

of sperm from wild type (+/+; n = 7151 sperm), heterozygous t (t/+; n = 8835 sperm) and

homozygous t (t/t; n = 813 sperm) mice (n = 15 mice for each genotype), immediately after

sperm isolation. Asterisks indicate statistically significant differences between genotypes

(���Ps< 0.001).

(TIF)

S3 Fig. Genotyping of single sperm by PCR. Gel image of DNA fragments amplified by PCR

of t/+, single +-sperm or t-sperm (isolated by micro-pipetting of highly or less progressive

sperm), and separated by agarose gel electrophoresis (+ band: 228 bp; t band: 195 bp). t/
+ sperm and cell-free culture medium served as positive and negative controls, respectively.

(TIF)

S4 Fig. Effects of RAC1 inhibition on motility parameters of sperm from heterozygous t (t/
+) mice. Box plots (showing the median and first and third quartiles) with whiskers (from

minimum to maximum) of average path velocity (VAP) and linearity (LIN) of sperm incu-

bated without (controls–Ct) or with different concentrations of NSC23766 (NSC, μM) for 30

min (n = 2306, 2019, 1845 or 1282 sperm for Ct, NSC5, NSC25 or NSC50, respectively) and 60

min (n = 1730, 1673, 1131 or 528 sperm for Ct, NSC5, NSC25 or NSC50, respectively). For

each condition, the percentage of motile sperm (mean ± standard error, n = 7 samples) is also

shown (bottom boxes). Statistically significant differences between treatments are indicated by

distinct letters (Ps< 0.001).

(TIF)

S5 Fig. Effect of RAC1 inhibition by EHop-016 on progressive motility of sperm from t
heterozygous (t/+) mice. Histograms showing the frequency distribution of sperm over lin-

earity (LIN; %) bins in t/+ samples (n = 4) incubated without (controls; upper graph; n = 1097

sperm) or with (lower graph; n = 1095 sperm) 2.5 μM EHop-016 for 30 min.

(TIF)

S6 Fig. Molecular model of transmission ratio distortion comprising the role of RAC1.

Schematic drawing representing two haploid spermatids connected by a cytoplasmic bridge

allowing the exchange of RNA and proteins (horizontal arrows), expressing the wild type (+;

genes and gene products in green) or t-haplotype (t; genes and gene products in dark red) vari-

ant of chromosome 17. Distorter gene products from either genotype act in both cells on Rho

GTPase pathways effecting activation (through factor Y) or inhibition (through factor X) of

SMOK, which controls sperm progressive motility. Upregulation of the activating pathway

and parallel downregulation of the inhibitory pathway impair progressive motility in +-sperm,
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while t-sperm is protected by dominant-negative SMOKTCR, which is retained in and thus

exclusively rescues progressive motility of t-sperm. Lower panel: The RAC1 inhibitor

NSC23766 attenuates the effect of enhanced RAC1 activity caused by TIAM2S in both cells and

thereby rescues progressive motility in +-sperm (in a strictly dosage dependent manner). Thus,

it adopts the role of SMOKTCR missing in +-sperm. SMOK activity in t-sperm and +-sperm are

approximated by NSC23766 (5 μM) treatment, therefore t-sperm and +-sperm are equalized

with respect to progressive motility. RAC1 in the repressive pathway might be low due to

down-regulation of the t-allele of TIAM2L, and thus, inhibition by NSC23766 might not signifi-

cantly reduce the activity of factor X, which is also controlled by TAGAP [16]. Arrows indicate

activation, blocked bars inhibition. Red upward pointing arrows at distorter proteins indicate

up-regulation, blue down-pointing arrows down-regulation of the t variant; the green down-

pointing arrow to the axoneme symbolizes normal or rescued, the dark-red down-pointing

arrow impaired progressive motility. Grey gene symbols, X and Y indicate postulated factors.

(PDF)

S1 Video. Representative video of a wild-type (+/+) sample captured after 30 min incuba-

tion without NSC23766 (control). All videos show mouse sperm tracks captured by CASA.

Tracks color code is as following: blue – highly progressive motile sperm; green – motile, but

less progressive sperm; red – immotile sperm; yellow – late tracks (recording started after the

first 10 frames; excluded from analysis).

(MP4)

S2 Video. Representative video of a wild-type (+/+) sample captured after 30 min incuba-

tion with 5 μM NSC.

(MP4)

S3 Video. Representative video of a wild-type (+/+) sample captured after 30 min incuba-

tion with 25 μM NSC.

(MP4)

S4 Video. Representative video of a wild-type (+/+) sample captured after 30 min incuba-

tion with 50 μM NSC.

(MP4)

S5 Video. Representative video of a sperm sample isolated from a wild type (+/+) mouse.

(MP4)

S6 Video. Representative video of a sperm sample isolated from a heterozygous t (t/+)

mouse.

(MP4)

S7 Video. Representative video of a sperm sample isolated from a homozygous t (t/t)
mouse.

(MP4)

S8 Video. Representative video of a heterozygous t (t/+) sample captured after 30 min

incubation without NSC23766.

(MP4)

S9 Video. Representative video of a heterozygous t (t/+) sample captured after 30 min

incubation with 5 μM NSC23766.

(MP4)
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