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TUBB4B is essential 
for the expansion of differentiating 
spermatogonia
Urikhan Sanzhaeva 1, Natalie R. Wonsettler 1, Scott B. Rhodes 1 & 
Visvanathan Ramamurthy 1,2*

Microtubules, polymers of αβ-tubulin heterodimers, are essential for various cellular processes. 
The incorporation of different tubulin isotypes, each encoded by distinct genes, is proposed to 
contribute to the functional diversity observed in microtubules. However, the functional roles of 
each tubulin isotype are not completely understood. In this study, we investigated the role of the 
β4B-tubulin isotype (Tubb4b) in spermatogenesis, utilizing a Tubb4b knockout mouse model. We 
showed that β4B-tubulin is expressed in the germ cells throughout spermatogenesis. β4B-tubulin 
was localized to cytoplasmic microtubules, mitotic spindles, manchette, and axonemes of sperm 
flagella. We found that the absence of β4B-tubulin resulted in male infertility and failure to produce 
sperm cells. Our findings demonstrate that a lack of β4B-tubulin leads to defects in the initial 
stages of spermatogenesis. Specifically, β4B-tubulin is needed for the expansion of differentiating 
spermatogonia, which is essential for the subsequent progression of spermatogenesis.

Microtubules composed of αβ-tubulin heterodimers are essential for various cellular processes. One of the 
primary functions of microtubules is forming mitotic/meiotic spindles, the structures critical for chromosome 
segregation during cell division1. Additionally, microtubules serve as tracks for motor proteins, carrying 
organelles and vesicles essential for intracellular transport2. Furthermore, microtubules form axoneme of cilia 
and flagella, organelles responsible for sensing the extracellular environment and facilitating motility. The diverse 
functions of microtubules are regulated through microtubule interactions with microtubule-associated proteins, 
incorporation of different tubulin isotypes encoded by various genes into microtubules, and posttranslational 
modifications of tubulins. Despite the fundamental roles of tubulin, mutations in tubulin genes in humans can 
lead to tissue-specific defects, such as brain malformations, infertility, or impairments in hearing and vision3–6. 
Moreover, studies in various species and the association of distinct tubulin isotypes with specific human diseases 
indicate specialized roles for tubulin isotypes7,8.

Spermatogenesis is a process in which germ cells proliferate and differentiate to form sperm within the 
seminiferous tubules of testes. This process encompasses different stages: mitotic divisions of spermatogonia, 
meiotic division of spermatocytes, and spermiogenesis (Fig. 1A). Both undifferentiated and differentiating 
spermatogonia undergo mitotic divisions. Undifferentiated spermatogonia, which includes spermatogonial 
stem cells, divide to maintain the stem cell pool and produce cells committed to differentiate to support 
continuous sperm production. These undifferentiated spermatogonia undergo a series of mitotic divisions to 
yield differentiating spermatogonia. The proliferation of spermatogonia is followed by the meiotic division of 
spermatocytes that produces round spermatids. Next, these round spermatids differentiate during spermiogenesis 
and transform into sperm cells9,10. Throughout these stages of spermatogenesis, various microtubule structures 
play roles, including mitotic and meiotic spindles during cell divisions and the manchette and axoneme of sperm 
flagella during spermiogenesis11,12.

Interestingly, a study using an antibody specific to β3-, β4A-, and β4B-tubulins demonstrated β3/4 localization 
in male germ cells13. Furthermore, β4B-tubulin (TUBB4B) is the predominant tubulin isotype in human testes, 
as shown in the Genotype-Tissue Expression portal (https://​www.​gtexp​ortal.​org/​home/) (Figure S1). Altogether, 
these studies suggest a potential role for β4B-tubulin in spermatogenesis. However, the role of β4B-tubulin in 
spermatogenesis remains unclear and is the focus of this work.

In this study, we investigated the functional role of β4B-tubulin (TUBB4B) in spermatogenesis using Tubb4b 
knockout mice (KO; Tubb4b−/−). We show β4B-tubulin is expressed in germ cells across spermatogenesis and 
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Fig. 1.   β4B-tubulin expression during spermatogenesis. (A) Schematic of murine spermatogenesis10. Key stages 
and cell types are indicated. Spermatogonia: As–Asingle, Ap–Apaired, Aal–Aaligned, Int intermediate, PS primary 
spermatocyte, SS secondary spermatocyte, RS round spermatid. ZBTB16, LIN28-markers of undifferentiated 
spermatogonia; STRA8, KIT-markers of differentiating spermatogonia. Part of the figure was created with 
BioRender.com. (B) Immunoblot showing β4-tubulin (top) and β-tubulin (bottom) expression in wildtype testes 
across various stages of spermatogenesis.(C–G) Cross-sections of wildtype testes at different developmental 
stages, probed with β4-tubulin antibody (magenta) and various markers of germ cells in green (ZBTB16–
undifferentiated spermatogonia marker; KIT–differentiating spermatogonia marker; PNA–acrosomal marker; 
acet tubulin–sperm flagella marker) and DAPI (gray). White arrowheads point to spermatogonium, white 
arrows point to round spermatid, cyan arrowheads point to mitotic spindle, cyan arrows point to cytoplasmic 
microtubules, yellow arrowheads point to the manchette of elongating spermatid, and yellow arrows point to 
sperm flagellum. 2 M 2 month-old. Scale bar = 50 μm. Inset scale bar = 5 μm.
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is localized to various microtubule-based structures, including cytoplasmic microtubules, spindles, manchette, 
and axonemes of sperm flagella. We found that male Tubb4b knockout mice were sterile and failed to produce 
sperm. Moreover, the seminiferous tubules in these mice were degenerated, indicating an essential role for β4B-
tubulin in male fertility. The absence of β4B-tubulin resulted in a reduction in the number of differentiating 
spermatogonia. In contrast, the count of undifferentiated spermatogonia remained unchanged. These findings 
illustrate a critical role for β4B-tubulin in promoting the expansion of differentiating spermatogonia and further 
progression through spermatogenesis.

Results
Dynamic expression and localization of β4B‑tubulin in germ cells throughout spermatogenesis
To investigate the expression of β4B-tubulin during spermatogenesis, we performed immunoblot analysis 
of lysates from testes of wildtype mice using a β4-tubulin antibody. We observed an increase in β4B-tubulin 
expression from postnatal day 0 (P0) to P30 as spermatogenesis progressed (Fig. 1B). Immunofluorescence 
staining of wildtype testes cross-sections with the β4-tubulin antibody at different time points showed expression 
of β4-tubulin in germ cells, including both undifferentiated (P6) and differentiating spermatogonia (P10). We 
used ZBTB16 (zinc finger and BTB domain containing 16) and KIT (KIT proto-oncogene receptor tyrosine 
kinase) as markers for undifferentiated and differentiating spermatogonia, respectively (Fig. 1C,D, marked by a 
white arrowhead)14,15. β4B-tubulin localized to cytoplasmic microtubules and mitotic spindle in spermatogonia 
(Fig. 1C,D, marked by a cyan arrow and cyan arrowhead). We used peanut agglutinin (PNA) as an acrosomal 
marker of spermatids16. In cross-sections from P18 testes, as spermatogenesis progressed, β4B-tubulin localized 
to cytoplasmic microtubules of round spermatids (Fig. 1E, marked by a white arrow). As round spermatids were 
undergoing spermiogenesis, β4B-tubulin was found in the elongating spermatid manchette, a transient skirt-
like microtubule-based structure crucial for sperm head shaping (Fig. 1F, marked by yellow arrowhead)11,12. 
α-tubulin was used as a manchette marker to confirm TUBB4B localization (Figure S2). β4B-tubulin was also 
localized to sperm flagella (Fig. 1G, marked by a yellow arrow). We used acetylated tubulin (acet tubulin) as a 
marker for flagella (Fig. 1G). These findings collectively demonstrate that β4B-tubulin is expressed in the germ 
cells throughout spermatogenesis.

β4B‑tubulin is essential for male fertility
We discovered that Tubb4b−/− homozygous males were infertile as they failed to produce litters during the 
generation of Tubb4b−/− mice, indicating the essential role of β4B-tubulin in male fertility. Immunoblot analysis 
using lysates from testes at P30 Tubb4b−/− and littermate controls probed with β4-tubulin antibody confirmed 
the absence of β4B-tubulin in the Tubb4b−/− testes (Fig. 2A), indicating that β4B-tubulin is the predominant 
β4-tubulin isotype expressed in testes. Additionally, we noted a roughly 60% reduction in the overall β-tubulin 
level in mutant testes (p-value = 0.02) (Fig. 2A). Hematoxylin and eosin (H&E) staining of testes and cauda 
epididymis from 2-month-old wildtype and Tubb4b−/− littermates revealed degenerated seminiferous tubules 
and a complete absence of sperm cells in testes and cauda epididymis (where matured sperms are stored) 
in the absence of β4B-tubulin, suggesting defects at an early stage of spermatogenesis (Fig. 2B). Moreover, 
Tubb4b−/− testes were drastically smaller than littermate controls (Fig. 2C). To pinpoint the onset of these 
spermatogenesis defects, we analyzed the testes of Tubb4b−/− and control mice using H&E staining at earlier 
developmental stages. At P6, the testes cross-section from control and Tubb4b−/− mice were similar (Fig. 2D, top 
panel). At P15, meiotic cells were absent, and cells with condensed nuclei, indicative of apoptosis, were present 
in the seminiferous tubules of mutant mice (Fig. 2D, bottom panel, arrowheads), pointing to early defects 
in spermatogenesis, potentially during the early mitotic expansions of germ cells. Furthermore, a significant 
difference in testes weight was observed at P10 (p-value = 0.01) but not at P6 (Fig. 2E). Altogether, these findings 
point to an essential role of β4B-tubulin in male fertility, and its absence leads to defects in spermatogenesis and 
subsequent failure to produce sperm.

β4B‑tubulin deficiency leads to reduced differentiating spermatogonia.
To determine when defects in spermatogenesis begin in testes lacking β4B-tubulin, we analyzed transcript 
levels of markers for undifferentiated and differentiating spermatogonia in P10 testes (Fig. 3A). mRNA levels 
of undifferentiated spermatogonia markers, Zbtb16 and Lin28, Refs.14,15,17 were similar to control (Fig. 3A). In 
contrast, the mRNA levels of differentiating spermatogonia markers, Kit and Stra8, Refs.15,18 were significantly 
reduced in testes lacking β4B-tubulin (p-value = 0.01 and 0.02 respectively), indicating that β4B-tubulin is 
essential for the expansion of differentiating, but not undifferentiated, spermatogonia. To confirm these findings, 
we immunostained P10 testes cross-sections with a marker of undifferentiated or differentiating spermatogonia 
(ZBTB16 or KIT, respectively) and quantified the number of undifferentiated and differentiating spermatogonia 
per seminiferous tubules in the mutant and control testes (Fig. 3B,C). Indeed, analysis of P10 testes cross-sections 
immunostained with KIT, a marker of differentiating spermatogonia, revealed a significant decrease in the 
number of differentiating spermatogonia (KIT+ cells) per seminiferous tubule (p-value = 1.9*10–65) (Fig. 3D, 
right panel). In contrast, the number of undifferentiated spermatogonia per seminiferous tubule (ZBTB16+ cells) 
was similar to wildtype littermates (Fig. 3D, left panel). Altogether, these findings show a requirement for β4B-
tubulin isotype for the expansion of differentiating spermatogonia and for the progression of spermatogenesis.

TUBB4B R391C mutation acts in a dominant negative manner
We also developed the Tubb4b R391C knock-in mouse model, carrying the same mutation found in patients with 
vision and hearing loss. Interestingly, the heterozygous Tubb4b knock-in (R391C/ +) mouse model exhibited male 
infertility. Consequently, we were unable to expand this mouse colony beyond the F1 generation (R391C/ +). The 
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testis from the R391C heterozygous mouse was smaller than that from the age-matched C57Bl6J mouse (Fig. 4A). 
Histological analysis of the testis from heterozygous TUBB4B R391C (TUBB4B R391C/ +) mouse revealed the 
absence of sperm cells in seminiferous tubules (Fig. 4B). Interestingly, unlike the Tubb4b−/− mice, spermatocytes 
were present in R391C/ + testes, suggesting defects at later stages and a dominant negative effect of TUBB4B point 
mutation on spermatogenesis. Furthermore, H&E staining of testes cross-sections from TUBB4B R391C/ + mouse 
revealed the absence of spermatocytes beyond the pachytene stage in TUBB4B R391C/ + testis cross-sections 
(Fig. 4B), suggesting defects in the meiotic progression in this mutant. Besides the defects in spermatogenesis, 
we also noted Leydig cell hyperplasia in this animal (Fig. 4B). These findings suggest that male patients with 

Fig. 2.   Loss of β4B-tubulin causes male infertility and degeneration of seminiferous tubule. (A) Immunoblot 
of testes lysates from P30 animals probed with antibodies against β4-tubulin, β-tubulin, and GAPDH 
(glyceraldehyde 3-phosphate dehydrogenase). GAPDH was used as a loading control. (B) Top: Cross-sections of 
testes from Tubb4b+/+ and Tubb4b−/− littermates at 2 months, stained with hematoxylin and eosin (H&E). Scale 
bar = 50 μm. Bottom: Cross-sections of cauda epididymis from Tubb4b+/+ and Tubb4b−/− littermates at 2 months, 
stained with H&E. Scale bar = 50 μm. (C) Image of P30 testes from Tubb4b−/− and control littermate. (D) Top: 
Cross-sections of testes from Tubb4b+/+ and Tubb4b−/− littermates at P6, stained with H&E. Scale bar = 50 μm. 
Middle: Higher-magnification images of cross-sections of testes from Tubb4b+/+ and Tubb4b−/− littermates at P6, 
stained with H&E. Scale bar = 5 μm. Bottom: Cross-sections of testes from Tubb4b+/+ and Tubb4b−/− littermates 
at P15, stained with H&E. Scale bar = 50 μm. Black arrowheads point to condensed nuclei. (E) Tubb4b−/− and 
control testes weight normalized to body weight at P6 and P10. An asterisk (*) denotes significance at p < 0.05. 
All experiments were conducted at least three times with littermates serving as controls (+ / +).
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Fig. 3.   β4B-tubulin is needed for the expansion of differentiating spermatogonia. (A) mRNA levels of markers 
for undifferentiated spermatogonia (Zbtbt16, Lin28) and differentiating spermatogonia (Kit, Stra8) in Tubb4b−/− 
and Tubb4b+/+ testes at P10. Data are presented as mean ± SEM (n = 3, unpaired two-tailed t-test). An asterisk 
(*) indicates statistical significance (p < 0.05); “ns” denotes not significant. (B) Cross-sections of P10 testes from 
Tubb4b−/− and Tubb4b+/+ mice stained for β4-tubulin (magenta) and ZBTB16 (green, marker for undifferentiated 
spermatogonia marker). Areas of non-specific staining are marked with an asterisk. Scale bar = 50 μm. Inset 
scale bar = 10 μm. (C) Cross-sections of P10 testes from Tubb4b−/− and Tubb4b+/+ mice stained for β4-tubulin 
(magenta) and KIT (green, maker for differentiating spermatogonia marker). Scale bar = 50 μm. Inset scale 
bar = 10 μm. (D) Quantification of undifferentiated spermatogonia (ZBTB16+ cells) (Left) and differentiating 
spermatogonia (Right) per seminiferous tubule in P10 testes from Tubb4b−/− and control mice. Data analysis 
was performed using an unpaired two-tailed t-test for three replicates. ***denotes significance of p < 0.001; “ns” 
indicates not significant difference.
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TUBB4B mutations should be screened for infertility as TUBB4B isotype is the predominant β-tubulin isotype 
in human testes (Figure S1).

Discussion
Multiples α- and β- tubulin isotypes are encoded in the mammalian genome; however, the functional roles 
of tubulin isotypes are not fully understood. In this study, we investigated the functional role of β4B-tubulin 
in spermatogenesis and found that β4B-tubulin is essential for male fertility. We showed that β4B-tubulin is 
expressed in germ cells throughout spermatogenesis and that its absence leads to loss of sperm production, 
degeneration of seminiferous tubules, and depletion of differentiating spermatogonia (Fig. 5).

Microtubule-based structures are essential for spermatogenesis as they are involved in germ cell division, 
sperm head shaping, and the development of flagella11,12,19. Indeed, previous studies have demonstrated 
essential roles for tubulin isotypes and tubulin posttranslational modifications, such as tubulin glutamylation, 
in spermatogenesis. Studies in D. melanogaster have demonstrated an essential role for testis-specific β2-tubulin 
in spermatogenesis, and mutations in this β-tubulin isotype caused various defects in spermatogenesis, such 
as failure to progress through meiosis or loss of central pair of sperm flagella20–22. Interestingly, α8-tubulin has 
been implicated to have a role in spermatogenesis24. Furthermore, non-canonical ε-tubulin has been shown 
to be essential in microtubule structures during meiosis and shaping of sperm head23. Mice lacking enzymes 
responsible for tubulin glutamylation or deglutamylation displayed male infertility caused by defects in the 
development of sperm flagella25,26.

Previous studies have shown the expression of β3/4-tubulin in the germ cells13; however, the significance 
of β4B-tubulin in spermatogenesis is unknown. The β4-tubulin antibody we used cannot distinguish between 
β4A- and β4B-tubulin27; therefore, we probed protein extracts from the testes of control and Tubb4b−/− mice 
with β4-tubulin antibody. The β4-tubulin was completely absent in Tubb4b−/− testes, as demonstrated by 
immunoblotting, indicating that β4B-tubulin is the predominant β4-tubulin isotype in testes (Fig. 2A). 
Furthermore, immunostaining of testes cross-sections from Tubb4b−/− with β4-tubulin antibody confirmed 
the absence of β4-tubulin staining in these sections, indicating β4-tubulin signal in these sections corresponds 
to β4B-tubulin (Fig. 3B,C). Our studies, using β4-tubulin antibody, revealed that β4B-tubulin is expressed in 
germ cells at various stages of spermatogenesis, including in undifferentiated and differentiating spermatogonia.

In spermatogonia, β4B-tubulin localized to cytoplasmic microtubules and mitotic spindles of differentiating 
spermatogonia. Although the number of undifferentiated spermatogonia per seminiferous tubules in testes 
lacking β4B-tubulin was comparable to control littermates, the number of differentiating spermatogonia per 
seminiferous tubules was significantly reduced. These results show the vital role of β4B-tubulin in the expansion 

Fig. 4.   Tubb4b R319C heterozygous male mouse is sterile. (A) Weight of testes from 9.5-month-old Tubb4b 
R391C heterozygous male and age-matched C57Bl6J. (n = 1, this result is preliminary). (B) Testes cross-section 
from 9.5-month-old Tubb4b R391C heterozygous male and age-matched C57Bl6J mouse stained with H&E. 
Black arrowhead points to pachytene spermatocyte. Leydig cell hyperplasia is denoted with an asterisk. Scale 
bar = 50 μm. (n = 1, this result is preliminary).
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of differentiating spermatogonia. Indeed, the deletion of TUBB4B in spermatogonia cell culture has been shown 
to slow cell proliferation28. The observed defects at the early stages of spermatogenesis in the absence of β4B-
tubulin are likely due to its predominant expression in differentiating spermatogonia. Unlike differentiating 
spermatogonia, in undifferentiated spermatogonia, other β-tubulin isotypes may compensate for the loss of β4B-
tubulin. Indeed, scRNA-seq analysis of murine testes identified Tubb4b as one of the markers of differentiating 
spermatogonia, specifically A1-A4 spermatogonia, while Tubb5 marked the undifferentiated spermatogonia29. 
We speculate that β4B-tubulin does not have a unique function in differentiating spermatogonia, and the defects 
at this stage of spermatogenesis are solely due to below-optimal tubulin concentration. We hypothesize that the 
expression of any other tubulin isotype in place of β4B-tubulin could potentially lead to normal expansion of 
differentiating spermatogonia.

Indeed, in D. melanogaster, mutations of the testis-specific β2-tubulin resulted in protein degradation, 
decreased tubulin concentration, and defective meiosis20. Intriguingly, the expression of β1-tubulin instead of 
testis-specific β2-tubulin resulted in normal meiosis but abnormal sperm axoneme morphology, suggesting 
distinct functional roles for these tubulin isotypes21,22. Our findings and those in D. melanogaster suggest 
that β4B-tubulin may have unique functions in later stages of spermatogenesis, namely in spermiogenesis, 
as evidenced by its localization to the manchette and axoneme of sperm flagella. Furthermore, recent studies 
revealed an essential role for β4B-tubulin in axoneme formation in multiciliated cells30,31. Unfortunately, the 
Tubb4b−/− mouse model we utilized does not allow us to investigate the specific role of β4B-tubulin in sperm 
flagellum formation, as the defects occur at the early stage of spermatogenesis prior to spermiogenesis (Fig. 4). 
Therefore, future research using spermatid-specific conditional Tubb4b knockout mouse models will be needed 
to address the importance of β4B-tubulin in sperm flagellum formation and function.

We also showed that heterozygous TUBB4B R391C/ + male mouse displayed infertility, suggesting the 
dominant negative effect of TUBB4B point mutation on spermatogenesis. This result is in agreement with 
a recent study demonstrating male infertility in heterozygous TUBB4B R391H/ + mice due to defects in 
spermatogenesis31. It is worth noting that the Tubb4b+/− did not display fertility issues and were used for breeding 
to generate Tubb4b−/− animals. Unlike mice lacking TUBB4B that failed to progress through spermatogenesis 
due to defects in differentiating spermatogonia, TUBB4B R391C/ + mouse displayed defects in the meiotic 
progression as spermatocytes beyond the pachytene stage were absent in this animal. Previous studies have 
shown that β4B-tubulin carrying R391C mutation incorporates into microtubules4,31 and does not affect cell 
proliferation4. Therefore, it is plausible that TUBB4B R391C/ + differentiating spermatogonia maintain optimal 
tubulin concentration and are able to differentiate into spermatocytes. However, it is not clear why the R391C 
mutation in TUBB4B tubulin would lead to failure to progress through meiosis. During the first meiotic prophase, 
the homologous chromosomes pair and undergo recombination. Interestingly, the chromosomal movement is 
dependent on the microtubule cytoskeleton19,32–34. It has been proposed that microtubule depolymerization 
and repolymerization contribute to chromosomal movement33. Interestingly, recent studies demonstrated that 
TUBB4B R391C mutation results in a decreased microtubule growth rate and affects microtubule dynamics4,31. 
Thus, TUBB4B R391C mutation may affect chromosome movement in mouse spermatocytes. It is worth noting 
that we failed to expand the TUBB4B R391C line due to male fertility issues and the results shown in (Fig. 4) are 
preliminary. Therefore, future studies using a conditional TUBB4B knock-in mouse model would be needed to 
assess the effect of TUBB4B point mutation on spermatogenesis.

Fig. 5.   β4B-tubulin is essential for spermatogenesis. Tubb4b−/− male mice are sterile and fail to produce sperm 
cells. The absence of TUBB4B leads to a reduction in differentiating spermatogonia numbers and failure to 
progress through spermatogenesis. Part of the figure was created with BioRender.com.
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In summary, our studies using the Tubb4b murine model found that the β4B-tubulin is essential for male 
fertility. Specifically, β4B-tubulin is needed for the expansion of differentiating spermatogonia, and its absence 
leads to impaired spermatogenesis and the depletion of differentiating spermatogonia. Furthermore, we have 
shown that the heterozygous Tubb4b R391C mouse model also displayed fertility due to defects during the 
meiotic stage of spermatogenesis.

Materials and methods
Ethics statement
All experimental procedures involving animals in this study were conducted in accordance with the Guide 
for the Care and Use of Laboratory Animals of the National Institutes of Health. All animals were handled 
and housed following the protocols approved by the institutional animal care and use committee (IACUC) of 
West Virginia University. All authors complied with the guidelines for animal research: reporting of in vivo 
experiments (ARRIVE).

Animal model and genotyping
Tubb4b−/− mice in C57BL/6NJ background were obtained from The Jackson Laboratory (Catalog # 43743-JAX). 
Mutation in Tubb4b−/− mice generated by CRISPR-Cas9 resulted in the deletion of exons 2–3 and premature stop 
codon. We crossed the animals to 129SV/E strain and maintained them in the mixed background. Genotyping 
for wildtype Tubb4b alleles was performed using 5’-TTT​GGT​GAG​TGT​GGT​GGA​GG-3’ and 5’-CCT​GCC​AAT​
GTT​CAA​GGA​GA-3’ primers. Genotyping for mutant Tubb4b alleles was performed using 5’-TCC​CGA​AGT​
GCT​CCT​CTT​CT-3’ and 5’-AGA​CCA​GAC​GGA​GAT​GTA​CAGA-3’ primers. The thermocycling conditions for 
Tubb4b genotyping were 95 °C for 4 min, 35 cycles of 95 °C for 30 s, 55 °C for 30 s, 72 °C for 30 s, and a final 
extension step of 72 °C for 5 min.

Tubb4b knock-in mice (R391C) were generated using 5’-CAC​AGC​CAT​GTT​CCG​ACG​CA-3’ guide RNA 
(gRNA) and repair oligonucleotides: 5’-TGA​AAA​TGT​CGG​CCA​CCT​TCA​TTG​GCA​ACA​GCA​CCG​CTA​TTC​
AGG​AGC​TGT​TCA​AAC​GCA​TCT​CAG​AGC​AGT​TCA​CAG​CCA​TGT​TCC​GAT​GCA​AAG​CCT​TCC​TAC​ACT​
GGT​ACA​CGG​GTG​AAG​GCA​TGG​ATG​AGA​TGG​AGT​TCA​CTG​AGG​CTG​AGA​GCA​ACA​TGA​ACG​ACC​TGG​
TGT​CCG​A-3’ (R391C). Genotyping for Tubb4b point mutations was performed using 5’-AGT​GGA​TCC​CCA​
ACA​ATG​TGAA-3’ and 5’-ATG​CAG​GAC​AAC​TAT​GCA​CTGA-3’ primers. The thermocycling conditions were 
95 °C for 4 min, 38 cycles of 95 °C for 30 s, 60 °C for 30 s, 72 °C for 30 s, and a final extension step of 72 °C for 
5 min. The PCR product sequencing was performed by Psomagen Inc.

Immunoblotting
Mice were euthanized by CO2 inhalation followed by cervical dislocation. Their testes were then dissected and 
separated from epididymis and fat. Testes were weighed and immediately frozen in dry ice. The samples were 
sonicated in phosphate-buffered saline (PBS) containing a protease inhibitor cocktail (Thermo Fisher) and 
1 mM dithiothreitol (DTT). Protein concentrations were measured using a NanoDrop spectrophotometer or 
the BCA protein assay (Thermo Fisher). For analysis, samples were subjected to SDS-PAGE and then transferred 
onto polyvinylidene difluoride (PVDF) membranes (Immobilon). The membranes were first stained for total 
protein (LI-COR), then blocked with blocking buffer (LI-COR) for 30 min at room temperature. Overnight 
incubation of membranes with primary antibodies was performed at 4˚, followed by three 5 min washes in PBST 
(PBS containing 0.1% Tween-20) at room temperature. Then, the membranes were incubated with secondary 
antibodies for 30 min at room temperature and washed three times with PBST for 5 min at room temperature. 
The membranes were imaged using the Odyssey Infrared Imaging System (LI-COR). The density of the protein 
bands was quantified using ImageJ software. The antibodies used in this study are listed in (Table S1).

Immunofluorescence staining
For immunofluorescence analysis of testicular cross-sections, testes were fixed in 4% paraformaldehyde (PFA) 
in PBS for 5 h (PN 6–10 testes) or overnight (adult testes). Following fixation, the testes were rinsed three times 
with PBS and incubated in 20% sucrose in PBS overnight at 4 °C. Testes were then incubated in a 1:1 mixture of 
20% sucrose and OCT (Tissue-Tek) for 1 h before being flash frozen in OCT. Testicular sections, 8 µm thick, were 
cut on Leica CM1860 cryostat, mounted onto superfrost slides, and stored at −20 °C. For staining with tubulin 
antibodies, epitope retrieval was performed. Epitope retrieval was performed on the sections using 10 mM 
citrate buffer (pH = 6) for 30–40 min at 95 °C, followed by three 5 min washes with PBS. The sections were then 
incubated in blocking buffer (10% goat or donkey serum, 0.5% TritonX-100, and 0.05% (w/v) sodium azide in 
PBS). This was followed by overnight incubation with primary antibodies at the dilutions listed in (Table S1). 
After washing the sections three times with PBS containing 0.1% TritonX-100 for 5 min each, the sections were 
incubated with secondary antibodies and DAPI for nuclear staining for 1 h at room temperature. The slides 
were washed three more times with PBS for 5 min each and mounted using ProLong Gold Antifade reagent 
(Invitrogen) and coverslipped.

Imaging was performed with a Nikon C2 laser scanning confocal microscope with Plan Apo λ 20x/0.75 NA, 
Plan fluor 40x/1.30 NA oil, Plan Apo λ 60X/1.40 NA oil, or Plan Apo λ 100x/1.45 NA oil objectives or Nikon Crest 
V3 spinning disk confocal microscope with Plan Apo λD 20x/0.8 NA objective. All fluorescent images represent 
maximum intensity projections of z-stack generated using Nikon NIS-Elements software. The antibodies used 
are listed in (Table S1).
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Cell counting
Images of testicular cross-sections from Tubb4b−/− and control littermates (n = 3), stained for undifferentiated or 
differentiating spermatogonia markers, were captured using a Nikon C2 laser scanning confocal microscope with 
Plan Apo λ 20x/0.75 NA objective or Olympus VS120 Slide Scanner with U Plan S Apo 20x/0.75 NA objective. 
For the analysis, only round seminiferous tubule cross-sections were selected. Using the ImageJ Cell Counter 
plugin, we counted cells in at least 50 seminiferous tubules per sample.

Hematoxylin and eosin staining
Mice were euthanized, and testes were collected. The testes were shipped in Excalibur’s Alcoholic z-fix (Excalibur 
Pathology Inc., Norman, OK) for cross-sectioning and hematoxylin and eosin (H&E) staining at Excalibur 
Pathology. Images of sections stained with H&E were taken with a Nikon Eclipse Ti microscope with DS-Ri2 
camera with Plan Apo λ 20x/0.75 NA, Plan fluor 40x/1.30 NA oil, or Plan Apo λ 60X/1.40 NA oil objectives.

RNA extraction and RT‑qPCR
For the reverse transcription PCR, P10 testes were collected in 200 µL of TRIzol and frozen in dry ice. According 
to the manufacturer’s recommendations, RNA was extracted using an RNA purification kit (Invitrogen) with 
on-column DNase treatment (Invitrogen). Subsequently, 1 µg of purified RNA was used for cDNA synthesis 
using SuperScript IV VILO Master Mix (Invitrogen). For quantitative PCR (qPCR), 5 ng of the synthesized 
cDNA was combined with 250 nM of forward and 250 nM of reverse primers and SYBR Green qPCR Master 
Mix (Agilent Technologies). The reference genes used were Yhwaz, Polr2b, and Atp5b. The PCR amplification 
efficiencies for each primer set were confirmed to be between 90 and 110%. The ΔΔCt method, which included 
primer efficiencies for the reference and target genes, was used to analyze qPCR data35,36. qPCR was performed 
using either Stratagene MX3000p or Bio-Rad CFX96 cyclers. Primer sequences are listed in (Table S2).

Statistical analysis
Statistical analyses were performed in OriginPro software. All data are represented as mean ± standard error of 
the mean (SEM). All data are a representation of a minimum of three independent experiments. Immunoblot, 
qPCR, spermatogonia cell count and testes weight were analyzed by unpaired t-test (two-tailed).

Data availability
All data generated or analysed during this study are included in this published article.
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