Rescuing Chlamydomonas motility in mutants
modeling spermatogenic failure

We used Chlamydomonas reinhardtii motility mutants with disrupted genes
homologous to human SPEF2 or DNALI1 to model spermatogenic failure disorders
SPGF43 and SPGF83, respectively. We recovered aspects of wild-type motility in these
mutants with a small-scale drug screen.
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Purpose

Spermatogenic failure (SPGF) is a significant cause of male infertility. This study addresses
the challenges in studying SPGF43 and SPGF83, specific subtypes of SPGF with no known
treatment, caused by mutations in the SPEF2 and DNALI1 genes, respectively.

Given the difficulty in obtaining human sperm samples with these specific genetic
mutations, we studied these diseases using Chlamydomonas reinhardtii mutants with
similar genetic defects and exhibiting similar motility phenotypes. We determined whether
compounds that increase human sperm motility can restore normal motility in the C.
reinhardtii mutant strains modeling SPGF as a method to discover novel treatments for this
disease.

This work provides the community with a validated model system and screening
methodology that can be expanded to test large chemical libraries or adapted to study
other forms of genetic male infertility. For clinicians and pharmaceutical researchers, our
findings demonstrate the potential of using C. reinhardtii as a rapid, cost-effective first-line
screening tool before advancing promising compounds to more resource-intensive human
studies. Additionally, our results suggest specific molecular pathways that could be
targeted in future drug development efforts for SPGF43 and SPGF83 treatment.

e This pub is part of the platform effort, “Genetics: Decoding evolutionary drivers
across biology.” Visit the platform narrative for more background and context.

e All associated code is available in this GitHub repository.



https://research.arcadiascience.com/genetics
https://research.arcadiascience.com/genetics
https://github.com/Arcadia-Science/2024-chlamy-mutant-motility-pub/tree/v1.0

e Data from this pub, including raw and processed microscopy data and the
coordinates from our cell tracking, is available from the Biolmage Archive 1.

Additional, processed data is available in the GitHub repo.

We’ve put this effort on ice!

#TranslationalMismatch #ProjectComplete

We found promising evidence that pharmaceuticals can recover motility
in Chlamydomonas reinhardtii strains modeling the genetic diseases
SPGF43 and SPGF83. We developed a two-assay approach amenable to
high-throughput experimentation for the discovery of novel compounds
that could recover male fertility in SPGF patients.

However, our data indicate that, despite similar phenotypes, individual
SPGF diseases will likely require unique therapeutic strategies. Although
male infertility is common, the genetic data encoding the specific
disease isn't widely collected, making it challenging to target the specific
disease. It's possible that continued study would find a compound that
recovers motility across patients with low sperm motility.

Since SPGF disorders are non-life threatening and many infertile
patients can reproduce through in vitro fertilization, we decided it wasn't
worth the investment to continue this project. However, we've provided
a reproducible pipeline that others can use to continue this work.

Learn more about the Icebox and the different reasons we ice projects.

Background and goals

Infertility impacts one in six adults (21, and up to half of these cases are caused by
spermatogenic failure (SPGF) resulting from mutations in single genes [31. SPGF can present

as loss of sperm production (azoospermia), low sperm counts (oligozoospermia), low
sperm motility (asthenozoospermia), altered sperm morphology (teratozoospermia), or a
combination of indications r41. Although SPGF is common, it's challenging to study. The
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gene causing SPGF in a specific case is frequently unknown; thus, SPGF sperm samples
with known mutations are challenging to acquire. We used a recently published dataset
from a phylogenetic analysis using NovelTree [sjie] to identify organisms with genes that,
while controlling for shared evolutionary history, are highly homologous in sequence and
structure to the proteins encoded by human SPEF2 (sperm flagellar 2) and DNALIT (dynein
axonemal light intermediate chain 1). Loss-of-function mutations in SPEF2 and DNALI1
cause spermatogenic failure disorders known as SPGF43 and SPGF83, respectively.

SPGF43 and SPGF83 share similar behavioral and structural phenotypes despite being
caused by distinct mutations. First reported in 2019, SPEF2 mutations result in 0-0.6%
sperm motility and 1-35% normal flagellar morphology (781. Structural analysis revealed
severely disorganized axonemes in sperm flagellum o). Similarly, the DNALIT mutation was
identified in 2023 in a patient with 0% motility and 47% normal flagellar morphology.

Structural analysis showed asymmetric fibrous sheaths and missing inner dynein arm
components [1o.

Several studies have aimed to characterize SPGF43 and SPGF83 in mouse models and
found that, in addition to SPGF-like phenotypes, loss-of-function mutations in either SPEF2
or DNALIT causes hydrocephalus in these animal models 1110, complicating experiments.
This off-target and extreme phenotype has been avoided by generating germline-specific
SPEF2 or DNALIT knockouts 11211131. These studies have provided valuable insights into the

composition and structure of SPGF mouse sperm.

We recently developed a quantitative framework to identify unexpected model organisms
for studying human biology by analyzing protein conservation patterns across 63 diverse
eukaryotes. This framework challenges traditional assumptions about which species are
"best" for modeling specific human traits 6. We used this framework to determine the
“best” organisms to model SPGF43 and SPGF83, revealing multiple organisms that ranked
“better” than mice to model these diseases (Figure 1).
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Figure 1. Organism relevance to model SPGF43 and SPGF83.

Physicochemical trait distances (td) between non-human species and Homo sapiens orthologs for DNALIT (A) and
SPEF2 (B). Only species with single-copy orthologs are shown. A smaller trait distance indicates a greater
physicochemical similarity to the human protein when corrected for phylogeny. Chlamydomonas has a smaller
trait distance than Mus musculus for both DNALIT (tdchiamydomonas = 2.23 [p = 0.09]; tdMus = 3.28 [p = 0.51]) and
SPEF2 (tdchlamydomonas = 2.06 [p = 0.05]; tdmus = 2.48 [p = 0.12]) when compared to humans.

We decided to use Chlamydomonas reinhardtii to model these diseases for multiple
reasons. First, we identified C. reinhardtii as a suitable organism to model multiple SPGF
disorders using our phylogenetically corrected structure and sequence analysis (Figure 1).
Second, C. reinhardtii and human sperm swim using similarly structured flagella 114

ns) (Figure 2). Third, decades before the characterization of SPG43 and SPGF83 disorders, C.
reinhardtii strains with SPEF2 and DNALIT mutations were isolated and shown to have
impaired motility peir171. Finally, we've developed an in-house pipeline to track and quantify
single-cell motility, facilitating experiments for differentiating healthy and aberrant
swimming behavior 1a).

The C. reinhardtii gene CPC1 (central pair complex 1) is homologous to human SPEF2 and is
disrupted in the mutant cpc7-7 (CC-3707). These cells have reduced flagellar beat
frequencies and disrupted axoneme structures pej91. Similarly, the C. reinhardtii gene DII'1
(dynein inner arm-interacting 1) is homologous to human DNAL/T. It's disrupted in the inner
dynein arm mutant ida4 (CC-2670), which has shorter flagella and slower swimming velocity
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Figure 2. Graphic of flagellar motility in human sperm and Chlamydomonas reinhardtii with SPGF
mutations.

(Left panel) Healthy human sperm showing normal flagellar movement. The flagellum's whip-like motion
propels the sperm forward. Human sperm with mutations in SPEF2 or DNALIT exhibit impaired flagellar function,
leading to a lack of motility and infertility in patients.

(Right panel) Wild-type C. reinhardtii with regular flagellar beating enabling forward motility. C. reinhardltii strains
with mutations in CPC-1 or DIIT (homologs of human genes SPEF2 and DNALIT) show flagellar motion defects. The
flagella exhibit uncoordinated or weakened movements, leading to ineffective propulsion and an erratic or
reduced swimming pattern.

than wild-type cells. Structural and biochemical analysis showed loss of I-projections in the
flagellar axoneme (171 and loss of specific dynein subspecies 20. Based on sequence and
structure homology and the nature of the mutations, these C. reinhardtii strains may be
ideal organisms to model SPGF43 and SPGF83 sperm (Table 1).

A recent, high-throughput screen of ~17,000 compounds on healthy human sperm found
105 compounds that positively affect sperm motility 1211. These results are a promising step
towards treatments for male infertility. However, unknown genetic mutations are often the
cause of male infertility, so testing these compounds on human sperm samples with these
genetic backgrounds isn't feasible. Because these drugs may influence various mutant
sperm differently than wild-type sperm, possibly even reducing motility, the clinical utility
of these drugs is unclear. Therefore, we leveraged the structural and functional similarities
between C. reinhardtii and human sperm, along with our in-house motility assays, to test
whether these compounds could restore wild-type motility in mutants with structural
defects.
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Briefly, we found that drugs affecting human sperm motility could rescue Chlamydomonas
mutants modeling SPGF, though each drug's effectiveness was mutation-specific. Skip
straight to these results or keep reading to understand our methodological approach.

SHOW ME THE DATA: Access our raw microscopy data on Biolmage
Archive and additional, processed data in our GitHub repo.

The approach

To model human SPGF disease, we selected motility-impaired Chlamydomonas reinhardtii
strains with gene mutations known to cause spermatogenic failure in humans. To confirm
that we could measure the motility defects, we employed a two-pronged approach: an
endpoint assessment of the gross proportion of swimming cells and a quantitative analysis
of cell trajectories using time-lapse microscopy. This combination allowed us to evaluate
these mutants' overall motility and specific movement characteristics.

We selected a subset of compounds with the most potent positive effects on human sperm
motility from a recent screen 211 based on their activity and availability (Table 2). Given that
many effective drugs influenced metabolism, we also included purified ATP, as ATP
availability may modulate metabolism [221. Additionally, because DNALIT is a component of
a dynein complex, we hypothesized that the dynein inhibitor, dynarrestin, could mimic
mutant motility in wild-type cells and included this drug in our study. However, we couldn't
find any literature describing the impact of this drug on C. reinhardtii cells and it is unlikely
to impact flagellar beating since it specifically targets cytoplasmic dynein, rather than
axonemal dyneins [23.

To test the ability of these drugs to restore wild-type motility in C. reinhardtii mutants, we
designed a small-scale chemical screen. Unlike previous efforts, which primarily identified
compounds that either decreased motility or affected complex pathways like phototaxis (24

1251, our approach aimed to directly quantify the impact of selected compounds on both the

quality and quantity of swimming cells.
Read on for the nitty-gritty details on this approach, or skip to the results.

Cell maintenance

After receiving strains from the Chlamydomonas Resource Center (Table 1), we streaked cells
to individual colonies on TAP media with 1.5% agar. We cultured cells from single colonies
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in liquid TAP media. Then, we seeded them onto plates of TAP media with 1.5% agar to
form a confluent lawn at ambient temperature under constant illumination.

Strain Description Disease model

CC125 Wild-type mt+ [137(]

CC-2670 ida4 mt+ Spermatogenic failure 83
CC-3707 cpcl-1 mt- Spermatogenic failure 43

Table 1. Chlamydomonas reinhardltii strains we used in this pub.
Strain names link to corresponding entries on the Chlamydomonas Resource Center website.

Treatment preparation

We selected six compounds to test in our experiments (Table 2). We made 50 mM stocks of
Torin2 (Ambeed, Cat # A107433), TAK-063/balipodect (Ambeed, Cat # A579863), linsitinib
(Ambeed, Cat # A139562), ibudilast (Ambeed, Cat # A1472713) and dynarrestin (Cayman
Chemical, Item # 35527) dissolved in DMSO. We made a 50 mM stock of 99% pure
adenosine 5-triphosphate (ATP) disodium salt hydrate (Sigma-Aldrich, Item # A7699)
dissolved in water. We stored all stock solutions at =20 °C, except for ibudilast, which we
stored at 4 °C. Based on similar experiments, we diluted stock solutions to 100 pM working
concentrations in water before experimentation [241251. We added these solutions to cells in
TAP medium at 1:1, resulting in a final concentration of 50 pM. The final DMSO
concentration was 0.1% for compounds initially dissolved in DMSO. Accordingly, we used
0.1% DMSO as a negative control, along with a no-DMSO condition.

Effect on
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Table 2. Treatments in this study.

Abbreviations: MOA = mechanism of action; mTOR = molecular target of rapamycin; PDE = phosphodiesterase; IGF-
1R = insulin-like growth factor 1 receptor; ATP = Adenosine 5-triphosphate; DMSO = dimethylsulfoxide; no. =
number; TAK = Takeda Pharmaceutical Company Limited. Effects on human sperm were reported by Gruber et al.

2022. [21]

V-bottom motility assay

To assess the fraction of motile cells, we conducted imaging experiments with cells
growing in v-bottom plates where the non-motile cells should collect in the center of the
well. We used a sterile loop to collect cells from TAP media + 1.5% agar plates and
resuspended the cells in liquid TAP media. We then passed the cells through a 40 pm pore
nylon mesh cell strainer (Falcon, Product 352340) to remove cell clumps. Next, we
centrifuged the cells at 2,500 x g for 5 min and resuspended the pellets in fresh TAP media.
We measured each culture's optical density at 730 nm using a SpectraMax iD3 plate reader
(Molecular Devices). We then diluted cultures with TAP medium to normalize the
concentrations across samples.

For the analyses presented in Figure 3, we allowed the diluted cultures to adapt to their
liquid environment overnight. We seeded 100 pL of dense cultures the next day into a 384-
well v-bottom plate (Greiner Bio-One, Product 781280). We immediately placed the plate on
a “phenotype-o-mat” enclosed in a dark box to block outside light and imaged at one frame
per minute for 96 frames 261. We used the final frame acquired for analysis.

For the analyses presented in Figure 5, we seeded 100 pL of cells into a 96-well v-bottom
plate (Corning, product 3896). We added 100 pL of the indicated treatment, resulting in a
final volume of 200 pL and a concentration of 50 uM. We mixed the cells and treatments by
pipetting up and down with a multi-channel pipette. Next, we immediately placed the plate
on a “phenotype-o-mat” 126; under a dark box to block outside light and imaged at one
frame per hour over four days to allow the diluted cell cultures adequate time to adapt and
grow.

For all experiments, we exposed the samples to constant illumination from the phenotype-
o-mat for the duration of the experiment. We used a Blackfly S USB camera to acquire
these images. We turned on the LED ring (featuring 460 nm, 535 nm, 590 nm, and 670 nm
wavelength LEDs) between image acquisitions to act as a grow light.

Single-cell tracking sample preparation

To measure statistics derived from the motility of single cells, we grew cultures for two
days in liquid TAP media on a rotating drum under a 12:12 light-dark cycle. On the day of
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the experiment, we measured the optical density of each culture at 690 nm (ODggg) using a
SpectraMax iD3 plate reader (Molecular Devices). We then diluted the cultures to the same
concentration (~0.1) based on ODggg measurements.

We dispensed 15 pL of the diluted cultures into the wells of a glass-bottom, 384-well plate
(Cellvis, Product #P384-1.5H-N). We added 15 pL of the appropriate treatment to each well
from a 2x stock, resulting in a final volume of 30 L at the desired concentration (1x). We
mixed each well by gently pipetting up and down. We let the plate sit in the dark for
approximately 2.5 hours before imaging.

We designed the plate layout to include three C. reinhardtii strains and six compounds at 50
MM concentrations. We arranged the strains in consecutive row pairs, with duplicate wells
for each condition, starting with wild type, then ida4, and finally ¢pc7-1. The top six rows
contained 12.5 pM drug, 0.0025% DMSO, or water. We repeated this pattern for the next six
rows that contained 50 uM drug, 0.01% DMSO, or water. Each column contained a specific
treatment, from left to right: Torin2, TAK-063, linsitinib, ibudilast, dynarrestin, ATP, DMSO,
and water. For simplicity, we only included 50 pM treatments in our analysis, but the raw
imaging data for all treatments are available on the Biolmage Archive.

Microscopy

We employed the same image acquisition procedure used in 18]. Briefly, we imaged

samples in glass-bottom microtiter plates using a 10x 0.45 NA air objective (Nikon)
mounted on an inverted Nikon Ti2-E confocal microscope fitted with an ORCA-Fusion BT
digital sSCMOS camera (Hamamatsu) and a LIDA Light Engine (Lumencor) for illumination
controlled with NIS-Elements software (v5.42.03). We recorded a 20 s time-lapse of each
well within the microtiter plate using brightfield microscopy at 20 frames per second (50 ms
exposure). We set the light intensity to maximize the dynamic range of the acquisition
system and only used red light to avoid phototactic responses caused by broad-spectrum
white light. We used the NIS-Elements JOBS module to move between the center of each
well automatically.

Since we were conducting high-throughput, high-resolution data acquisition across many
live samples with many conditions, cells at the beginning of the plate (imaged first) spent
less time in the drug before imaging than cells at the end of the plate (imaged last). We
began imaging from the top left well (A1) to address this and progressed along each row. At
the end of each row, we began imaging at the beginning of the subsequent row (e.g., well
B1 after completing row A). Because we organized strains in pairs of rows, this sampling
approach interleaved species samples to provide more similar timing for drug exposure
duration across strains rather than simply imaging each strain in succession. It took
roughly 40 minutes to acquire the 96 time-lapse images included in our analysis.
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Image analysis

We analyzed image data capturing cell motility in v-bottom wells by taking line scan
intensity measurements across the wells. We used FlJI (v2.14.0/1.54f) to manually straighten
and crop the raw images to include only the wells of interest. Next, we used a Python script
to identify the center of each well and take horizontal intensity line scans (40 pixels long
and 10 pixels wide) across the center of each well. To ensure accurate comparison across
wells, we realigned the intensity profiles based on the position of the cell pellet, which we
identified as the lowest intensity value in the central 20 pixels of the scan. We verified the
correct positioning of the line scans by having the script save a copy of the raw image with
the line scan positions superimposed. We performed statistical analysis with Python (v3.12)
using SciPy (v1.14.1) 1271, statsmodels (v0.14.3) 128, and scikit-posthocs (v0.10.0) 1291. ChatGPT

(GPT-4 and GPT-40) assisted in scripting and commenting on this code.

We analyzed the time-lapse microscopy data capturing single-cell motility using the image
processing pipeline described in 118). First, we segmented cells by thresholding the mean
background-subtracted time-lapse data, resulting in binarized videos. Next, we tracked cells
in binarized time-lapse videos using btrack (v0.6.5) 130] with the default configuration files.
The output from btrack is a CSV file containing the measured (x, y) coordinates of each cell’s
trajectory at every frame the cell was tracked. We calculated summary motility metrics,
such as the total distance, mean curvilinear velocity, and confinement ratio, from each
cell's trajectory using the compute_motility_metrics.py scriptin our GitHub repo. We
computed Kernel density estimates of the distributions in Scipy (v1.14.1) based on the
implementation described in 311 with default smoothing kernels. We performed principal

component analysis (PCA) using scikit-learn (v1.4.2) ;321.

All code generated and used for the pub is available in this GitHub
repository (DOI: 10.5281/zenodo.14464378), including the phenotype-o-
mat image acquisition script, phenotype-o-mat image processing
script, the v-bottom motility assay analysis script, and the single-cell
tracking and analysis pipeline.

Writing and coding

We used ChatGPT (GPT-4, GPT-40, o1-preview), Claude (3.5 Sonnet), and Grammarly
(1.92.0.1) to suggest wording ideas, to streamline or clarify content, and to reformat text to
our style guide. We then edited the Al-generated text. We used ChatGPT (GPT-4 and GPT-40)
and Claude (3.5 Sonnet) to help write, clean up, and comment on our code.
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The results

To identify potential treatments for SPGF43 and SPGF83, genetic forms of male infertility
that impair sperm motility, we set out to test whether compounds known to enhance
human sperm motility could restore normal swimming in Chlamydomonas reinhardtii
strains with mutations in the corresponding genes.

Chlamydomonas reinhardtii mutants modeling SPGF have
motility defects

Previous analyses found that the two C. reinhardtii mutants we used in this study have
motility defects mei171. To validate these results in-house, we used a simple approach of

seeding v-bottom well plates with wild-type and mutant C. reinhardtii strains to perform a
“sink-or-swim” assay, as schematized in Figure 3, A. In this assay, the non-motile cells
collect over time at the bottom of the well, while the healthy swimmers will remain in
suspension. We used a “phenotype-o-mat,” a customizable DIY plate reader r26133], to image
the accumulation of non-motile cells at the bottom of the wells and collected line scan
intensity measurements to quantify motility differences (Figure 3, A). Consistent with having
the expected motility defects, both ida4 and cpc7-1 cells quickly accumulated at the bottom
of the wells, while the wild-type cells remained in suspension for the duration of the
experiment (Figure 3, B). To estimate the fraction of non-motile cells (pellet-to-periphery
intensity ratio [P2P Ratio]), we divided the minimal intensity value by the average intensity
of the peripheral tail (defined as the range of pixels between positions 33 and 37 of the 40-
pixel line scan) for each line scan. This analysis revealed significantly more non-motile ida4
cells and cpc1-1 cells compared to wild-type (WT) cells (P2P Ratio of ida4 vs. WT, Kruskal-
Wallis test with Dunn’s post-hoc test, p = 4”4 P2P Ratio of cpc7-1 vs. WT, Kruskal-Wallis test
with Dunn’s post-hoc test, p = 8.7e'#). Further, there were significantly more non-motile
cpc1-1 cells compared to ida4 cells (Kruskal-Wallis test with Dunn’s post-hoc test, p = 4.3¢e
04), indicating that the cpc7-7 mutant modeling SPGF43 has a more severe motility defect
(Figure 3, C).
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Figure 3. Chlamydomonas reinhardtii mutants modeling SPGF have reduced overall motility.

(A) Graphic depicting our sink-or-swim assay in which a 384-well v-bottom plate is illuminated from below by
LEDs while a camera records from above. Motile cells stay in suspension, scattering light uniformly and reducing
the amount of light reaching the camera. Non-motile cells sink to the bottom, forming a dense pellet in the
center that blocks light, creating a dark spot surrounded by a bright edge where light passes unobstructed. This
setup allows for differentiation between swimming and sinking cells based on their effect on light transmission.
We show representative images of dense Chlamydomonas reinhardtii cultures in a conical-bottom plate after
1.72 hours on the phenotype-o-mat.

(B) Intensity measurements from line scans show the average intensity across each well with a 10-pixel-wide line
scan. Thin lines represent individual scans, while bold lines show the average intensity of line scans across 22
individual wells for the indicated strain (n = 22). The shaded area represents the peripheral pixel intensities we
averaged to calculate pellet-to-periphery intensity ratios. We normalized intensity values to the average intensity
per well to correct for variation in culture density.

(Q) Violin plots of the pellet-to-periphery intensity ratios. We performed pairwise comparisons of strain motility
using the Kruskal-Wallis test with Dunn’s post-hoc test (H-statistic: 57.7910; p-value: 0.0000). **: p <0.01, ***: p
< 0.001. Floating asterisks represent a comparison to WT. A line under the asterisk indicates a comparison of the
conditions underneath the line.

Many mechanisms could cause the differences in motility we found in this bulk assay. To
better understand why these mutants have reduced motility, we turned to a second assay
— a quantitative, single-cell tracking pipeline called “SwimTracker” that we recently
developed n181. To ensure we were imaging live swimming cells, we selected a z-plane
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approximately halfway through the volume of liquid and acquired time-lapse microscopy
data as described in “Microscopy.”

SHOW ME THE DATA: Access our raw microscopy data on Biolmage
Archive and additional, processed data in our GitHub repo.

Our analysis pipeline tracks individual cells within time-lapse microscopy data and
computes several motility metrics to quantify the nature of each cell’s trajectory. The
motility metrics assessed here include:

e Max sprint length: The maximum distance traveled in a short (0.25 s) interval

¢ Confinement ratio: The net (start-to-end) distance ratio to the total distance

e Mean curvilinear speed: The average speed of a cell along its curved trajectory

e Mean linear speed: The average speed of a cell along a straight path between its start
and end point

e Mean angular speed: The average rate of angular change

* Pivot rate: The ratio of the number of directional changes to the total distance

(For a visual representation of these metrics and how they're calculated, refer to “A high-
throughput imaging approach to track and quantify single-cell swimming,” Figure 4) [1s.

We show typical cell trajectories from wild-type and mutant strains in Figure 4, A. Wild-type
swimming is generally characterized by faster, straighter trajectories, while mutant
swimming tends to be slower and more meandering. This behavior is reflected in motility
metrics like the max sprint length, which was 45% and 30% lower for ida4 and cpc1-1
mutants, respectively, and the mean linear speed, which was 44% and 56% lower for ida4
and ¢pcT-1 mutants, respectively (Mann-Whitney U, p < 0.001) (Supplemental Figure 1).

Since these motility measurements are interrelated, we used principal component analysis
(PCA) to identify independent patterns in our data. PCA transforms our correlated motility
metrics into separate components representing distinct aspects of swimming behavior
while allowing direct comparisons between wild-type and mutant cells. We built our
models using normalized motility metrics from wild-type and mutant strains in control
conditions (water and 0.1% DMSO). A model was constructed for each mutant to compare
each strain to wild-type individually. The analysis included six rate-based measurements:
mean curvilinear speed, linear speed, angular speed, max sprint length, confinement ratio,
and pivot rate. We used only rate-based metrics due to the variance in trajectory durations
(10-20 s).
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By examining how different motility metrics contributed to each principal component, we
could better understand what aspects of swimming behavior they represent. The first
principal component (PC1) primarily captures confinement ratio, mean linear speed, and
pivot rate, while the second principal component (PC2) represents max sprint length, mean
curvilinear speed, and mean linear speed (Figure 4, B-C). We found that the motility
behaviors of both ida4 and cpc7-1 were significantly different from wild type, consistent
with the previously reported motility defects 17191 Specifically, although we couldn't
distinguish ida4 from wild-type cells in PC1 (Mann-Whitney U test, p = 0.35), there was a
substantial shift in PC2 (Mann-Whitney U test, p = 4.4 (Figure 4, B). Consistent with our
v-bottom assay, cpc7-1 motility defects were much more pronounced. We could clearly
distinguish these mutants from wild-type strains in PC1 (Mann-Whitney U test, p = 3.4e""3)
and PC2 (Mann-Whitney U test, p = 0.0058) (Figure 4, C). Because these strains have motility
defects consistent with low sperm motility, we next asked if we could treat the mutants
with drugs to recover the wild-type phenotype.


https://doi.org/10.1083/jcb.112.3.441
https://doi.org/10.1242/jcs.01297
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Figure 4. Chlamydomonas reinhardtii strains modeling SPGF have distinct motility behaviors.

(A) Videos of tracked wild-type cells (left) with animated trails illustrating faster and straighter trajectories relative
to cpc7-1 mutant cells (right), which tend to meander slowly. Videos are real-time, at 20 fps.

(B, C) PCA of C. reinhardtii motility for wild-type and two mutant strains with videos of tracked cells illustrating
the swimming behavior at the extremes of the PC-space. Scatter plot showing the distribution of wild type vs.
ida4 cells (B) and wild type vs. cpc1-7 cells (C) in the fitted PC space. The kernel density estimate of each principal
component is plotted along the margin. **: p < 0.01; ****: p < 0.0001; ns: no statistical significance. Heatmaps
indicate the PCA weights. PC1 explains 41.9% (B) or 43.6 (C) of the variance; PC2 explains 38.7% (B) or 34.7 (C) of
the variance.
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Drug treatments rescue Chlamydomonas reinhardtii motility
in mutants

Having demonstrated that, similar to their human homologs, loss-of-function mutations in
CPC1 and DII1 lead to motility defects, we next sought to identify molecules that could
recover these defects. We focused on molecules previously shown to positively influence
wild-type human sperm motility. If we can demonstrate that compounds affecting human
sperm motility similarly impact C. reinhardtii motility, this would further validate C.
reinhardtii as a model for studying sperm motility. Moreover, if these molecules can restore
wild-type motility, they may offer potential therapeutic options for certain types of SPGF
and serve as valuable tools for investigating the biology of these mutants.

We selected a limited panel of small molecules reported to increase the motility of healthy
human sperm 171 Briefly, we selected the mammalian target of rapamycin (mTOR) inhibitor
Torin2, the phosphodiesterase (PDE) inhibitor ibudilast, the phosphodiesterase 10A
(PDE10A) inhibitor TAK-063/balipodect, and the insulin-like growth factor 1 receptor (IGF-1R)
inhibitor linsitinib. We included the dynein inhibitor dynarrestin, expecting to recapitulate
ida4 defects in wild-type cells since ida4 mutants have impaired dynein; however, this
inhibitor specifically targets cytoplasmic dynein rather than axonemal dynein, reducing its
likelihood to impact flagellar motility (231. We also included pure ATP since many of the
compounds that increase healthy sperm motility impact metabolism. We used water or
0.1% DMSO as controls for the solvents (Table 2).

To determine if these compounds impact the swimming behavior of mutant strains, we
performed the motility assays described above under eight individual conditions (six drug
treatments and two controls). First, we repeated the v-bottom sink-or-swim assay. Although
we selected four of these drugs due to reports of increased curvilinear velocity of human
sperm 213, we found that the IGF-1R inhibitor linsitinib significantly reduced the pellet-to-
periphery intensity ratio of wild-type cells when compared to control (Figure 5, left; Table 3).
Similarly, the motility defect of ida4 cells worsened when treated with linsitinib and
ibudilast; however, Torin2 did significantly recover motility in these cells (Figure 5, middle;
Table 3).

In contrast, none of the treatments worsened cpc7-7's impaired motility phenotype. In fact,
we observed an improvement in cpc7-7 motility when treated with ibudilast, linsitinib, or
Torin2 (Figure 5, right; Table 3). Noticeably, across all strains, Torin2 treatment reduced the
accumulation of cells in the bottom of wells. However, the transmitted light intensity was
consistently high, suggesting that while Torin2 may rescue motility, it actively reduces cell
growth (Figure 5, A, blue lines). This is consistent with Torin2's ability to reduce the growth


https://doi.org/10.1083/jcb.112.3.441
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https://doi.org/10.1093/humrep/deac007

of human cancer cells or parasitic Plasmodium species (341351361 and the ability of different

MTOR inhibitors to reduce Chlamydomonas growth [37).

These strain-specific drug responses reveal important insights about SPGF treatment.
Despite having similar structural defects and swimming phenotypes, our C. reinhardtii
strains modeling different SPGF disorders showed distinct and sometimes opposite
responses to the same compounds. For example, while linsitinib improved cpc7-7 motility,
it worsened ida4 swimming — highlighting that genetically distinct forms of SPGF may
require different therapeutic approaches. This specificity in drug response suggests that
effective SPGF treatments might need to be tailored to specific genetic mutations rather
than treating all motility defects the same way.
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Figure 5. Effects of drugs on Chlamydomonas reinhardtii WT and mutant cell motility.

(A) Intensity measurements from line scans show the average intensity across each well with a 10-pixel-wide line
scan. Thin lines represent individual scans, while bold lines show the average intensity for the indicated strain.
We performed each treatment in triplicate (n = 3). We acquired the data after 95 hours of treatment. We didn't
normalize this dataset to highlight drug-induced growth effects.

(B) Violin plots of the pellet-to-periphery intensity ratios. We performed ANOVA with Tukey's post-hoc test to
compare the fraction of motile to non-motile cells across treatments, independently for each strain. Individual
pairwise comparisons can be found in our GitHub repo. ANOVA results: WT, F(7,16) = [12.3], p = 2.2e-05; ida4,
F(7,16) = [41.9], p = 4.1e-09; cpc1-1, F(7,16) = [99.0], p = 5.7e-12. ****: p < 0.0001; ***: p < 0.001; **: p < 0.01;
*: p < 0.05; and ns denotes no statistical significance. Floating asterisks represent a comparison to the
appropriate control. A line under the asterisk indicates a comparison of the conditions underneath the line.

TAK-063 Torin2 DMSO

swan ATEYS Dynaesin  lbudlast Ungunle e 00 e 5RO
WT 0.9999 0.9171 0.9999 0.0004 0.6432 0.9989 0.8012
ida4 0.9866 0.1905 0.0003 0.0 0.3066 0.0267 0.8096
cpci-1 0.9201 0.6062 0.0 0.0 0.7646 0.0 0.9615

Table 2. P-values from pairwise comparisons using ANOVA and Tukey'’s test assessing the effects of
drugs on the pellet-to-periphery ratio.

Treatments include adenosine 5-triphosphate (ATP), dynarrestin, ibudilast, linsitinib, TAK-063, and Torin2. P-
values < 0.05 were considered statistically significant.
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Our finding that many of these drugs influence the overall fraction of motile cells motivated
an investigation into their impact on various individual dimensions of cellular motility. We
examined the swimming trajectories of these C. reinhardtii strains with each of the drug
treatments described above using our single-cell tracking assay. As before, we imaged at a
z-plane above the coverslip to capture motile cells. Our analysis determines whether
motility differs between the wild type and the treated mutant. If we observe no significant
difference, it usually indicates that the drug restores wild-type motility in that dimension.
However, since ida4 and wild-type motility were indistinguishable in PC1 (Eigure 4, C) we're
unable to claim any drugs rescued PC1 behavior in these mutants. Nevertheless, ibudilast
and Torin2 clearly impacted ida4 PC1 motility, shifting the density away from the mutant
and wild type cells, with ibudilast negatively shifting PC1 and Torin2 increasing PC1 (Figure
6, B; Table 4).

When we treated ida4 cells with ATP, dynarrestin, ibudilast, linsitinib, or TAK-063, we
observed a recovery of wild-type motility behaviors captured in PC2. However, Torin2
couldn't rescue wild-type PC2 attributes in ida4 cells (Figure 6, B and E; Table 4). Further,
cpc1-1, which has a more obvious motility defect (Figure 3 and Figure 4), had a clear
recovery in wild-type PC1 and PC2 motility behaviors when we treated the cells with TAK-
063 or Torin2. ATP, dynarrestin, and linsitinib recovered wild-type behaviors captured in
PC1 but not PC2. Treatment with ibudilast didn't appear to recover wild-type swimming
behaviors captured in either PC1 or PC2 (Figure 6, C and F; Table 4).

We observed some interesting disparities when comparing these single-cell tracking results
to the bulk motility assay. For instance, Torin2 improved bulk motility in both mutants but
showed contrasting effects in the detailed motion analysis, worsening both PC1 and PC2
behaviors in ida4 while successfully restoring wild-type levels in cpc7-1. Similarly,
compounds like ATP and dynarrestin showed different impacts between assays—in single-
cell tracking they recovered wild-type PC1 behavior in ¢pc7-1 but failed to restore PC2, while
showing minimal effects in the bulk assay. These discrepancies between assays could be
explained by their different experimental setups — the bulk assay captures the entire
population's swimming behavior, including the proportion of motile to non-motile cells,
while the single-cell tracking specifically examines the movement patterns of actively
swimming cells. Rather than individual behaviors explaining a cell’s ability to stay in
suspension, this combination of approaches provides complementary insights into how
these compounds affect different aspects of cellular motility.

While these data strongly suggest C. reinhardtii is an excellent organism to study
spermatogenic failure, we were surprised that most of the compounds tested didn't affect
the swimming behavior of motile wild-type C. reinhardtii cells (Figure 6, A and D; Table 4).
The lack of a positive impact of these drugs on wild-type C. reinhardtii was unexpected



since we'd selected them for their reported positive effect on the curvilinear velocity of
healthy human sperm p21.

To better understand how our data compare to that of sperm in the literature, we
specifically checked the mean curvilinear speed of wild-type C. reinhardtii under each of
these conditions. We were again surprised that most compounds didn't affect wild-type C.
reinhardtii speed (Mann-Whitney U test, control vs. dynarrestin: p = 0.92; control vs.
linsitinib: p = 0.062; control vs. TAK-063: p = 0.23; control vs. Torin2: p = 0.080). Only ATP
was able to increase the speed of wild-type C. reinhardtii (Mann-Whitney U test, control vs.
ATP: p = 0.026), consistent with the literature on this species 3813911401 (Supplemental Figure

2).

The limited impact of these compounds on wild-type C. reinhardtii motility, despite their
known effects on human sperm, highlights important species differences in motility
regulation. While both systems use similar flagellar machinery, the cellular pathways that
modulate swimming behavior may differ between species. For instance, the IGF-1R pathway
targeted by linsitinib might play a more central role in human sperm motility than in C.
reinhardtii. Nevertheless, the fact that these compounds can rescue motility in our mutant
strains suggests that flagellar dysfunction might make cells more responsive to metabolic
and signaling perturbations across species. These results support C. reinhardtii as a model
specifically for studying motility defects, even if baseline motility regulation differs between
species.
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Figure 6. Effects of drugs on cell motility behavior.

Kernel density estimates of the first (A-C) and second (D-F) principal components showing the response of wild
type (A, D), ida4 (B, E), cpc1-1 (C, F) strains to each drug in the small molecule panel. We applied each drug at a
50 pM concentration. ****;: p < 0.0001; ***. p < 0.001; **: p < 0.01; *: p < 0.05; and ns denotes no statistical
significance. We didn't test ibudilast in wild-type cells because of limited reagents on the day of experimentation.
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ATP Dynarrestin Ibudilast Linsitinib TAK-063 Torin2
PC1 PC2 PC1 PC2 PC1 PC2 PC1 PC2 PC1 PC2 PC1 F

WT
Vs.

WT 0.07 0.21 0.72  0.93 = = 0.18 0.15 0.39 0.73 0.34
+

drug

WT
Vs.

ida4 0.48 | 0.54 0.60 = 0.053  0.014 0.3 0.52 0.58 0.068 | 0.72 0.0033
+

drug

WT
Vs.
cpcl- 0.5 5.8e® 072 27e® 0035 0.0012 0.65 0.023 0.067 0.064 0.35
1+
drug

Table 3. P-values from pairwise comparisons using the Mann-Whitney U test, assessing the effects of
various drugs on cell trajectories.

Treatments include adenosine 5-triphosphate (ATP), dynarrestin (Dyn), ibudilast (Ibu), linsitinib (Lin), TAK-063
(TAK), and Torin2 (Tor). We considered p-values < 0.05 to be statistically significant.

We took a two-pronged approach to measure cell motility, but the results often varied
between our two assays (summarized in Table 5). For example, TAK-063 restored motility in
both ida4 and cpc1-1, but we only observed this effect in the cell trajectory assay. Similarly,
ibudilast recovered wild-type motility in cpc7-7 in the v-bottom assay, but only restored
motility in ida4 with the cell trajectory assay. On the other hand, Torin2 restored motility in
cpc1-1 with both assays, but didn't restore single-cell swimming behaviors in ida4,
suggesting it may target a pathway specifically disrupted in cpc7-7 cells.

Together, these results highlight the complexity of how different small molecules interact
with specific pathways, even in similar mutants that share a similar phenotype. The distinct
effects of each drug underscore the diversity of molecular targets involved in motility.
Additionally, the unique outcomes of each assay reflect the variety of biological
mechanisms contributing to flagellar motility. Future studies could focus on identifying
which metrics of sperm motility are most crucial to address when treating patients with
specific SPGF disorders. Beyond discovering potential new therapies for SPGF disorders,
these findings offer valuable insights into the biological differences between these mutant
strains and deepen our understanding of the complexities of flagellar motility.
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Drug
ATP

V-bottom bulk assay Single-cell trajectory assay
Overall motility PC1 PC2
idad cpci-1 idad cpct-1 ida4 cpci-1

Dynarrestin = = =

Ibudilast =

Linsitinib =

TAK-063 = = =

Torin2

Table 5. Summary of treatment effects.

= decreased; = = nochange; =increased; =recovered

Key takeaways

Although we selected compounds already reported to increase sperm motility, our results

indicate that we'd have identified each of these compounds as potential therapeutics had

we done a larger, non-targeted screen of small-molecule compounds. They all showed a

positive effect on motility in at least one assay or strain.

We successfully rescued various aspects of motility in C. reinhardtii flagellar mutants
using the compounds Torin2, ibudilast, linsitinib, and TAK-063, demonstrating the
potential of these molecules to restore motility in genetic models of spermatogenic
failure (Table 4).

Our findings show that potentially therapeutic responses vary substantially between
different mutants, even when they share a similar phenotype. This underscores the
complexity of genetic diseases and the importance of developing mutation-specific
treatments for effective therapy.

We found evidence that genetically and experimentally tractable organisms like
Chlamydomonas reinhardtii are good candidates for modeling human diseases such as
SPGF, enabling the discovery of potential therapeutic interventions.

We've developed and validated tools that are easily adaptable for high-throughput
motility assays across various organisms and research questions, facilitating broader
applications in genetic and drug discovery studies.
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Next steps

This work lays the groundwork for discovering novel therapeutics for various diseases
beyond SPGF. Flagellar motility is crucial in various cellular functions related to human
health, with the OMIM database listing over 270 individual ciliopathies. Leveraging flagellar
motility in an organism with a robust genetic toolkit and a collection of over 60,000
accessible mutant strains presents a unique opportunity to quickly and inexpensively
screen molecules that could serve as therapeutics for these conditions.

It's important to note that the small molecules used in these experiments aren't FDA-
approved for human use. However, this approach could be scaled up to screen FDA-
approved compounds in high throughput to identify potential treatments for various
diseases.

Our analysis also identified the picoplankton species Micromonas commoda as a model to
study SGPF43 (Figure 1). Although M. commoda mutants aren't as widely available as C.
reinhardtii, genetic tools do exist (415, and the swimming behavior of these algae may be

more similar to human sperm since they have a single flagellum (425431, providing another

promising path to study this disease.

While we don't plan to continue pursuing therapeutics for SPGF, we strongly encourage
others in the scientific community to build upon this foundation.
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