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SUMMARY

Reports that mouse sperm gain small RNAs from the epididymosomes secreted by epididymal 

epithelial cells and that these “foreign” small RNAs act as an epigenetic information carrier 

mediating the transmission of acquired paternal traits have drawn great attention because the 

findings suggest that heritable information can flow from soma to germline, thus invalidating 

the long-standing Weismann’s barrier theory on heritable information flow. Using small RNA 

sequencing (sRNA-seq), Northern blots, sRNA in situ hybridization and immunofluorescence, we 

detected substantial changes in the small RNA profile in murine caput epididymal sperm (sperm 

in the head of the epididymis) and further determined that the changes resulted from sperm 

exchanging small RNAs, mainly tsRNAs and rsRNAs, with cytoplasmic droplets rather than the 

epididymosomes. Moreover, the murine sperm-borne small RNAs were mainly derived from the 

nuclear small RNAs in late spermatids. Thus, caution is needed regarding sperm gaining “foreign” 

small RNAs as an underlying mechanism of epigenetic inheritance.
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Graphical Abstract

In brief

Wang et al. report that small RNA exchanges occur between sperm and their associated 

cytoplasmic droplets (CDs) during sperm maturation inside the epididymis. Their finding 

challenges the notion that sperm gain “foreign” small RNAs from the exosomes released by 

epididymal epithelial cells.
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INTRODUCTION

As the male gametes, spermatozoa (sperm) function to deliver the paternal genome into 

the oocytes during fertilization. In addition to DNA, sperm also carry RNAs, both large 

and small, and these sperm-borne RNAs are also delivered into the oocytes during 

fertilization1. Although the exact physiological roles of the sperm-borne RNAs remain 

to be determined, emerging data have shown that these RNAs are critical for early 

Wang et al. Page 2

Dev Cell. Author manuscript; available in PMC 2024 May 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



embryonic development and might participate in the transmission of acquired paternal 

traits to offspring2–7. For example, Drosha- or Dicer-deficient sperm fail to support early 

embryonic development, and this defect can be partially rescued by supplementing total 

sperm small RNAs in the zygotes8. Microinjection of sperm total or small RNAs including 

microRNAs (miRNAs) or tRNA-derived small RNAs (tsRNAs) into the wildtype zygotes 

can recapitulate the paternal phenotypes caused by Kit paramutation, stress, and over/

undernutrition in offspring9–15. These data strongly support the role of sperm-borne small 

RNAs as an epigenetic information carrier to mediate epigenetic inheritance of acquired 

paternal traits16,17. However, an outstanding question remains: where do sperm-borne RNAs 

come from? One obvious source of sperm-borne small RNAs is their precursor cells, i.e., 

spermatogenic cells including spermatogonia, spermatocytes, and spermatids. Small RNAs 

may be synthesized and loaded into sperm chromatin/head and other compartments during 

late spermiogenesis. Alternatively, sperm might be able to gain small RNAs from their 

microenvironments during their transit through the male reproductive tracts, including the 

efferent ducts, epididymis, and vas deference. Of interest, earlier reports have shown that 

sperm gain a large number of small RNAs, especially tsRNAs, from epididymosomes, the 

exosomes produced by caput epididymal epithelial cells, and that these epididymal small 

RNAs appear to be capable of inducing paternal phenotypes in offspring when injected 

into the wildtype zygotes18,19. This claim was based on the sRNA-seq data, showing that 

the small RNA compositions in testicular, caput, and cauda epididymal sperm change 

drastically, and that numerous novel tsRNAs and miRNAs show up when sperm migrate 

from the caput to cauda epididymis. Since some of these newly gained small RNAs are 

also present in the epididymosomes, it has been proposed that sperm gain small RNAs 

from the epididymis18,19. Further supporting this notion, caput sperm appear to be able to 

take up small RNAs from the purified epididymosomes in vitro18. These findings are both 

astonishing and significant because it implicates that heritable information can flow from 

soma (the epididymis) to the germline (sperm) and induce paternal phenotypes in offspring, 

thus invalidating the long-standing Weismann’s barrier theory on inheritance, which states 

that heritable information can only flow from germline to soma20,21. Given the extraordinary 

significance of such a claim, it is critical to re-confirm that sperm indeed exchange small 

RNAs with the epididymosomes or epididymal epithelial cells during their transit through 

the epididymis.

Since one mouse sperm contains ~0.1 pg of RNA, which is ~1/100 of a somatic cell22, any 

contamination, even in trace amount, would potentially bias the small RNA transcriptome. 

We, therefore, first optimized the somatic cell lysis steps in the protocol used for the 

purification of sperm collected from the testis, caput, and cauda epididymis18,19, so that 

ultrapure sperm (less than one somatic cell per 1,000 sperm) could be obtained for sRNA-

seq. Our sRNA-seq data confirmed drastic changes in small RNA composition in the caput 

epididymal sperm characterized by the significantly increased proportional abundance of 

tsRNAs compared to testicular and cauda epididymal sperm. However, the up- or down-

regulated small RNAs in the caput epididymal sperm were mostly from the cytoplasmic 

droplets (CDs) rather than the epididymosomes. Moreover, the sperm-borne small RNA 

appeared to be mainly derived from the nuclear small RNAs in spermatids.
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RESULTS

Dynamic changes in small RNA compositions during sperm transit through the epididymis

Consistent with previous data22, we found that one mouse cauda epididymal sperm 

contained ~0.13 pg RNA, whereas one mouse epididymal epithelial cell and one NIH-3T3 

cell had ~16.7 pg and ~37.8 pg RNA, respectively (Fig. S1A). Therefore, trace amounts 

of somatic cell contamination could potentially bias the sperm RNA transcriptome. We 

first used the method reported in the study showing that sperm gain small RNAs from the 

epididymosomes18,19, to remove somatic cells in sperm suspensions prepared from the testis 

and caput and cauda epididymis (Figs. S1B–E). Comparable purity was obtained for caput 

(98.7%), cauda (99.6%) and testicular sperm (96.0%) when sperm suspensions were treated 

by the somatic cell lysis buffer (SCLB) for 15 min (Table S1 and Figs. S1F–K). To further 

improve purity, we increased the SDS concentration from 0.01% to 0.05% and shortened the 

treatment duration to 5 min for caput and cauda epididymal sperm suspensions, and obtained 

even higher purity, with only 1–2 contaminating somatic cells per 1,000 caput and cauda 

epididymal sperm (⩾99.8%) (Table S1 and Figs. S1H–K). To purify testicular sperm, the 

SDS concentration was increased to 0.025%, and the purity was improved to ~98.5% (Table 

S1 and Figs. S1F–G). Using these ultrapure sperm samples (Fig. 1A), we isolated small 

RNAs and constructed libraries for sRNA-seq.

To determine the source of major contaminants in each of the three types of sperm, the 

supernatants after treatment with corresponding SCLB were also subjected to Srna-seq. 

Similarly, small RNAs from highly enriched caput epididymal epithelial cells (purity>90%) 

(Figs. S1L–P) and CDs (purity >98%) (Figs. S1Q–U) of cauda epididymal sperm were 

also sequenced. In the past, ribosomal RNAs (rRNAs) were often removed before library 

constructions, thus preventing the identification of rRNA-derived small RNAs (rsRNAs). 

In the present study, we directly isolated small RNAs from sperm samples for library 

constructions. SPORTS1.023 was used to determine the abundance and size of four major 

small RNA species, including miRNAs, piRNAs (PIWI-interacting RNAs), tsRNAs and 

rsRNAs (Fig. 1B, Figs. S2A–H and Table S2). The proportional distribution pattern of small 

RNAs was different in the caput epididymal sperm, characterized by increased proportions 

of tsRNAs and reduced relative abundance of rsRNAs, as compared to testicular and cauda 

epididymal sperm (Fig. 1B and Table S2). While rsRNAs represented the dominant small 

RNA species in both the testicular and cauda epididymal sperm, tsRNAs were the major 

small RNAs in the caput epididymal sperm (Fig. 1B and Table S2). Of interest, the SCLB 

supernatants from the three sperm preparations displayed similar small RNA proportional 

distribution patterns, with rsRNAs being the predominant small RNA species, followed by 

piRNAs and tsRNAs (Fig. 1B and Table S2). The small RNA compositions were more 

similar between the SCLB supernatants and CDs, but far more different from those in 

epididymal epithelial cells (Fig. 1B and Table S2), suggesting that the SCLB treatment 

mainly removed the CDs and that epididymal epithelial cells are not the major source of 

contamination.

By downloading the sRNA-seq datasets from the previous study reporting that sperm 

gain small RNAs from the epididymis18,19, we compared the small RNA compositions 
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in testicular, caput and cauda epididymal sperm between the two independent studies (Fig. 

S2). The small RNA compositions in the caput and cauda epididymal sperm were similar 

between the two studies (Figs. S2B, C, J and K), and the major difference existed in the 

testicular sperm (Figs. S2A and I), probably reflecting the different purity of testicular 

sperm used for sRNA-seq in their (~96.0%) and our (~98.5%) studies. Of interest, while 

rsRNAs were dominant in both cauda epididymal sperm heads and tails, tsRNAs appeared 

to be much more enriched in sperm heads than in sperm tails (Fig. 1B). CDs, as a special 

transient organelle uniquely present in testicular and epididymal sperm, are initially located 

near the connecting piece/neck of testicular sperm and then migrate gradually toward the 

junction of the mid to principal piece of sperm flagella24. The membrane covering the CDs 

is continuous with sperm plasm membrane; therefore, small RNAs in the CDs, in theory, 

can move back and forth between CDs and sperm, especially the tails and the perinuclear 

theca of sperm heads. Together with previous studies showing that abundant small RNAs 

are present in sperm heads and membrane-free sperm nuclei25,26, our data strongly hint that 

sperm-borne small RNAs, at least those in sperm heads, may have been preloaded during 

late spermiogenesis, the last phase of spermatogenesis through which round spermatids 

differentiate into elongating and elongated spermatids. To test this hypothesis, we purified 

pachytene spermatocytes, round and elongating spermatids, and prepared the nuclei and 

cytoplasm for sRNA-seq (Fig. 1C). While piRNAs were dominant in the nuclei of the three 

types of spermatogenic cells, tsRNAs were the most abundant small RNA species in the 

cytoplasm (Fig. 1C). From pachytene spermatocytes to round and elongating spermatids, the 

proportions of both tsRNAs and rsRNAs increased, and the small RNA compositions in the 

nuclei of elongating spermatids started to resemble those of testicular and epididymal sperm. 

Of great interest, the small RNA compositions in the cytoplasm of elongating spermatids 

were relatively stable, with tsRNAs and piRNAs being the most dominant small RNA 

species (Fig. 1C). The small RNA profiles in both cauda epididymal sperm heads and tails 

showed greater correlation with the nuclei than with the cytoplasm of the three types of 

spermatogenic cells, especially the elongating spermatids (Fig. S3A), suggesting that sperm-

borne small RNAs are mainly derived from the nuclear small RNAs of late spermatids 

during spermiogenesis. To ensure the reproducibility of our data, we repeated all of our 

sequencing experiments using samples collected and prepared independently, and similar 

results were obtained (Fig. S3B).

Among the 21 tsRNAs detected in mouse spermatozoa, four (tsRNA-Asp, tsRNA-Glu, 

tsRNA-Gly, tsRNA-His) were proportionally enriched in the caput sperm compared to the 

testicular and cauda epididymal sperm (Fig. 2A and Fig. S4A). Five tsRNAs (tsRNA-Ala, 

tsRNA-Asn, tsRNA-Ile, tsRNA-Leu and tsRNA-Trp) were enriched in the cauda epididymal 

sperm (Fig. S4B), whereas the remaining 12 tsRNAs were dominant in testicular sperm (Fig. 

2A and Fig. S4C). Using SPORTS1.023, we further mapped the rsRNA reads to six major 

ribosomal RNA types, including 4.5S, 5S, 5.8S, 18S, 28S, and 45S, thus allowing us to 

further identify the rsRNA subtypes. Interestingly, the distribution patterns of various rsRNA 

subtypes were similar among testicular, caput and cauda epididymal sperm (Figs. S4D–F). 

The rsRNAs identified in sperm were derived from specific regions within various ribosomal 

RNAs, suggesting that the biogenesis of these rsRNAs is strictly regulated and that these 

rsRNAs are not intermediates or random degradation products.
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To further validate the sRNA-seq data, Northern blots were performed to quantify three 

tRNAs (tRNA-Glu, tRNA-Gly and tRNA-Val) and their corresponding tsRNAs in testicular, 

caput and cauda epididymal sperm (Figs. 2B–C). Northern blots showed that levels of 

both intact tRNA-Glu and tRNA-Gly and their tsRNAs increased when sperm transited 

from the testis to caput epididymis and decreased from the caput to cauda epididymis. In 

contrast, tRNA-Val and its tsRNAs showed the opposite trend (Figs. 2B–C). In testicular and 

cauda epididymal sperm, tRNA-Glu and tRNA-Gly remained largely intact (Figs. 2B–C). Of 

interest, levels of both the intact tRNA-Gly and its tsRNAs increased in the caput sperm, 

suggesting that tRNA-Gly is likely gained from other sources rather than active degradation. 

Both 5S and 28S rsRNAs showed lower levels of cleavage products (i.e., rsRNAs) in the 

caput epididymis, but higher levels of rsRNAs in testicular and cauda sperm (Figs. 2B–C). 

To determine the localization of the tsRNAs, small RNA in situ hybridization (sRNA-ISH) 

was carried out. sRNA-ISH results showed that tRNA-Gly and its tsRNAs were mainly 

localized to the CDs of testicular, caput, and cauda sperm; lower levels of tRNA-Gly and 

its tsRNAs were also present in the head of caput sperm but absent in the head of testicular 

or cauda sperm (Figs. 2D–E). This may explain the increased abundance of both intact 

tRNA-Gly and its tsRNAs in the caput epididymal sperm, as observed in Northern blots 

(Figs. 2B–C). The tRNA-Glu and its tsRNAs were mainly localized to the CDs of testicular 

sperm, but confined to the perinuclear theca in caput and cauda epididymal sperm (Figs. 

2D–E). Together, our data show that caput sperm display a different small RNA profile 

compared to testicular and cauda epididymal sperm, characterized by significant enrichment 

of tsRNAs, and sperm-borne small RNAs are likely derived from the nuclear small RNAs in 

late spermatids. The cytoplasm of elongating spermatids contains abundant tsRNAs, whereas 

the CDs are enriched with rsRNAs.

Sperm gain and lose small RNAs during their transit through the epididymis

The small RNA compositions in caput epididymal sperm differ from those in testicular 

and cauda epididymal sperm, suggesting dynamic changes in sperm-borne small RNA 

abundance when sperm transit from the testis to the caput and then to the cauda epididymis. 

By comparing the differentially expressed small RNAs in testicular and caput epididymal 

sperm, we found 2,635 significantly up-regulated and 4,075 significantly down-regulated 

small RNAs, suggesting that when the sperm migrated from the testis to the caput 

epididymis, 2,635 small RNAs were gained and 4,075 small RNAs got lost (Fig. 3A and 

Table S3). Similarly, the caput epididymal sperm gained 3,266 and lost 910 small RNAs 

when reaching the cauda epididymis (Fig. 3A and Table S3). Surprisingly, when testicular 

sperm were compared with cauda epididymal sperm, only 509 and 829 small RNAs were 

found to be up- and down-regulated, respectively (Fig. 3A and Table S3). These numbers 

strongly suggest that the small RNAs gained between the testis and caput epididymis get 

lost when sperm further move from the caput to cauda epididymis, whereas those lost 

between the testis and caput epididymis are regained from the caput to cauda epididymis, 

thus leading to a small net change in sperm small RNA profiles between the testis and cauda 

epididymis. Indeed, 657 of the 2,635 small RNAs that sperm gained during their migration 

from the testis to caput epididymis were found among those 910 small RNAs lost when 

caput epididymal sperm reached the cauda epididymis (Fig. 3B and Table S4), whereas 

1,741 of the 4,075 small RNAs lost between the testis and caput epididymis were regained 
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when sperm further move from the caput to cauda epididymis (Fig. 3C and Table S4). 83% 

(545 out of 657) of the small RNAs that were first gained and later lost were tsRNAs, 

whereas 99% (1717 out of 1741) of the small RNAs that were lost first and later regained 

were rsRNAs. Overall, tsRNAs and rsRNAs represent the two major small RNA species 

accounting for the dynamic changes in small RNA profiles during sperm transit through the 

epididymis.

Cytoplasmic droplets, rather than epididymosomes or epididymal epithelial cells, are the 
source of the small RNAs gained and lost during sperm transit through the epididymis

Our data suggest that sperm gain and lose small RNAs during their epididymal maturation. 

Where do those “gained” small RNAs come from? Where do those “lost” small RNAs go? 

A previous study concluded that epididymosomes are the source of small RNAs, based 

on the detection of those upregulated tsRNAs in the epididymosomes, and the transfer 

of small RNAs from the epididymosomes to sperm after incubation of caput sperm with 

purified epididymosomes in vitro18. While this notion sounds possible, it does not consider 

that both testicular and epididymal sperm carry CDs, an important organelle uniquely and 

transiently present in testicular and epididymal sperm27,28. CDs are present on almost all of 

the testicular sperm, and CDs are gradually lost while sperm transit through the epididymis, 

with ~70% and ~30% of the caput and cauda epididymal sperm having CDs, respectively27. 

CDs are completely lost during ejaculation. Consequently, ejaculated sperm do not have 

CDs, and the ejaculated sperm with retained CDs are mostly functionally defective27. Under 

physiological conditions, both testicular and epididymal sperm have their CDs attached. 

However, the SCLB treatment not only lysed the contaminating somatic cells but also 

removed the CDs (Fig. 1A and Figs. S1F–U). Therefore, it is highly likely that those 

gained and lost small RNAs are from CDs rather than the epididymal epithelial cells or 

epididymosomes. To test this hypothesis, we purposely included the purified epididymal 

epithelial cells and purified CDs in our sequencing analyses. Principal component analyses 

(PCA) revealed distinct small RNA expression signatures among the three types of sperm 

and their corresponding supernatants after SCLB treatment (Fig. 4A). Of interest, caput 

epididymal sperm, caput epididymal epithelial cells and cauda CDs were clustered closely, 

suggesting similar expression profiles among these three samples (Fig. 4A). Hierarchical 

clustering analyses on the four major small RNA species indicate that the caput epididymal 

epithelial cells and cauda CDs contained a large number of tsRNAs and rsRNAs, which 

were shared by the caput epididymal sperm (Fig. S5), which may explain why the small 

RNA profiles of the caput sperm appear to be similar to those of the epididymal epithelial 

cells and CDs. To further determine the source of those “gained” or “lost” small RNAs, 

we examined the small RNA transcriptomes of CDs, epididymosomes, caput, and cauda 

epididymides to find their presence. Notably, the vast majority of the small RNAs that were 

gained or lost during sperm transit through the epididymis were found in CDs, whereas 

only a small fraction was found in epididymosomes and epididymis (Fig. 4B). We then 

analyzed correlations among the small RNA transcriptomes of the testicular, caput, and 

cauda epididymal sperm and those of purified CDs, caput and cauda epididymis, as well 

as purified epididymosomes (Fig. 4C). Clearly, the sperm small RNA profiles are more 

closely correlated with those of CDs (R>0.73) than those of epididymosomes (R<0.43) or 

epididymis (R<0.5) (Fig. 4C). To test whether small RNAs in CDs result from interactions 
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and/or fusion with the epididymosomes, we performed co-immunofluorescent analyses to 

detect KRT19 (an epididymal epithelial marker) and LDHC (a marker for spermatids and 

sperm) using the testis, caput and cauda epididymis, as well as cell suspensions from the 

testis, caput and cauda epididymis. Although it is practically impossible to visualize the 

epididymosomes using conventional immunofluorescent staining due to their nano-size (30–

150nm, as compared to the size of CDs, which is ~1–5μm), an exchange of KRT19 signals 

would be expected if fusion between CDs and epididymosomes occurs. In the caput and 

cauda epididymis, KRT19 was detected in the epididymal epithelial cells, whereas LDHC 

was found in the caput and cauda sperm in the lumen (Fig. 4D). However, no KRT19 

signals were observed in sperm, and no LDHC signals were detected in the epididymal 

epithelial cells. In the testis, LDHC was abundant in spermatids and spermatozoa, whereas 

KRT19 was absent (Fig. 4D). In the sperm smears prepared using the testis, caput and 

cauda epididymis, we further confirmed that LDHC was predominately detected in sperm 

tails and CDs, but no KRT19 signals were observed in either sperm or their CDs (Fig. 

4D). These results suggest no interactions between the epididymosomes and CDs; thus, the 

likelihood that small RNAs are transferred from the epididymosomes to CDs is remote. Our 

data from immunofluorescent staining of the epididymal epithelial marker, sRNA-seq-based 

small RNA profiling, Northern blot and sRNA ISH analyses (Figs. 1–2), all support that the 

changing small RNA compositions in the caput epididymal sperm result from small RNA 

exchanges between epididymal sperm and their CDs rather than the epididymosomes.

DISCUSSION

The report that sperm deliver RNAs into the oocytes during fertilization has inspired many 

studies aiming to determine the exact sperm-borne RNA profiles and their physiological 

roles5,26,29–34. Most of the published data were from lab animals, especially rodents. 

Since there are no convenient methods for collecting ejaculated sperm from rats and mice, 

epididymal sperm are often used to isolate DNA, RNA and proteins for molecular analyses. 

However, epididymal sperm are not equivalent to ejaculated sperm because epididymal 

sperm represent immature sperm, which must go through the epididymis to gain fertilizing 

capability35,36. Both morphological and biochemical changes occur when sperm migrate 

from the testis to the caput and then to cauda epididymis, e.g., the CDs move downward 

from the neck region to the junction of the mid to principal piece; the lipid and protein 

compositions on the sperm plasm membrane change; sperm chromatin becomes more 

compacted through the formation of disulfate begrudges between protamines associated with 

epigenetic remodeling36–38. To obtain pure sperm from the testis and epididymis, methods 

have been developed to remove the common contaminants, including somatic cells and 

spermatogenic cells18,26. The methods are mostly based on short and gentle treatment of 

sperm suspensions with low concentrations of detergents since sperm are more resistant 

to detergent-induced membrane lysis. While the methods allow for obtaining highly pure 

sperm, the CDs, which are normally attached to the epididymal sperm, are also removed. In 

other words, the sperm purification protocol commonly used to yield sperm of high purity 

generates artificial (CD-less), rather than natural (CD-bearing) epididymal sperm, as these 

purified epididymal sperm no longer have their CDs attached. Consequently, when changes 

in small RNA compositions are detected among these artificially generated, CD-less sperm, 
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one would naturally come to the conclusion that sperm gain or lose small RNAs from their 

environment. But the fact is that both testicular and epididymal sperm have CDs, which 

contain abundant small RNAs and proteins28,39. Small RNAs can be acquired from and 

discharged to their own CDs. Our data show that this is indeed the case as the vast majority 

of the small RNAs up- or down-regulated among testicular, caput, and cauda epididymal 

sperm are mostly present in CDs.

One major difference between the present and our earlier sperm small RNA profiling 

studies26,40,41 lies in the discovery that rsRNAs, rather than tsRNAs, are the most abundant 

small RNA species in both testicular and cauda epididymal sperm. This is because ribosome 

RNA depletion was performed before the construction of RNA libraries on the belief that 

rRNAs and their degradation products, due to their extremely high abundance, would make 

the identification of low-abundance small RNAs difficult. Recent studies have revealed 

that rsRNAs are not simply degradation products of rRNAs, and their biogenesis is 

strictly regulated, suggesting that rsRNAs may play specific roles, like other small RNA 

species42–44.

Why do caput sperm display a small RNA profile so different from that in testicular or 

cauda epididymal sperm? Given that small RNAs can move freely between the sperm and 

their CDs, the drastic changes in the small RNA composition in caput epididymal sperm 

may simply reflect the changes in small RNAs in CDs. This appears to be the case, as our 

sequencing data reveal that tsRNAs are the most abundant in both the cytoplasm and nuclei 

of elongating spermatids, whereas rsRNAs are the most enriched in the CDs of caput and 

cauda sperm. Since tsRNAs and rsRNAs are derived from tRNAs and rRNAs, respectively, 

and both play an essential role in translation, we reasoned that the different small RNA 

profiles among testicular, caput, and cauda sperm might reflect the translational status. In 

other words, CDs may persist after the cytoplasm is shed off upon spermiation (i.e., sperm 

release from the seminiferous epithelium) to maintain the continuous translation of proteins 

critical for sperm maturation in the epididymis. If the CDs indeed serve as a translational 

apparatus during sperm transit from the testis to caput epididymis, the enrichment of tsRNAs 

and rsRNAs in caput sperm may reflect the increased cleavage of tRNAs and rRNAs, which 

is known to occur during the translational shutdown. This interesting hypothesis is worth 

testing in future studies.

Where do sperm-borne small RNAs come from? Are they from CDs or preloaded during 

spermiogenesis? The answer appears to be “both”. To understand small RNA trafficking 

between sperm and their CDs, it would be ideal to compare the small RNA profiles of 

testicular, caput and cauda sperm with those of their corresponding CDs. However, it is 

almost impossible to purify CDs from testicular sperm because the lysis and centrifugation 

steps for enriching the testicular sperm would have removed their CDs. To test whether 

sperm-borne small RNA payloads are purposely packed into sperm during spermiogenesis, 

we purified pachytene spermatocytes, round and elongating spermatids, and then nuclei 

and cytoplasm were purified for small RNA sequencing. Since CDs are derived from the 

cytoplasm of elongating and elongated spermatids, we could use the small RNA profiles 

in the cytoplasm of elongating spermatids to estimate the small RNA profiles in the CDs 

of testicular sperm. tsRNAs were the most abundant small RNAs in the cytoplasm of 
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elongating spermatids, whereas rsRNAs were the most predominant ones in the CDs of 

caput and cauda sperm. The abundant tsRNAs and rsRNAs in CDs appear to serve as 

a reservoir of small RNAs, which could migrate into the sperm tail or maybe even the 

perinuclear theca of the sperm head. Since the absolute number of non-redundant rsRNAs 

is much greater than that of tsRNAs, the proportional changes in tsRNAs in the CDs of 

testicular, caput and cauda sperm may not be perfectly complementary to those in sperm. 

As CDs are located in the tails of maturing sperm, the small RNAs trafficking between CDs 

and sperm most likely end up in sperm tails, thereby contributing to the drastic changes 

in tsRNA and rsRNA abundance in the caput epididymal sperm. Taken together, our data 

suggest that sperm-borne small RNAs are mainly derived from the nuclear small RNAs 

in spermatids and sperm small RNA contents can be modified by CD small RNAs during 

sperm epididymal transit.

What roles do the sperm-borne small RNAs play? Evidence supporting their roles in early 

embryonic development continues to accumulate, but the more inspiring findings are the 

possibility of an epigenetic role in transmitting acquired paternal traits. Earlier studies have 

demonstrated that the sperm small RNAs, including tsRNAs, miRNAs, and rsRNAs, can 

induce the paternal phenotypes induced by a special diet (high fat or low protein), stress, 

or kit paramutations in offspring when injected into the wildtype oocytes9–15 although 

the exact molecular mechanisms remain unknown. If sperm-borne small RNAs indeed 

mediate epigenetic inheritance, then determining the source of these sperm-borne small 

RNAs would be of paramount importance as it is critical to understand the underlying 

mechanism. The notion that sperm gain small RNAs from the epididymosomes during their 

epididymal transit has gained tremendous attention over the last several years because it 

represents a pathway allowing the heritable information to flow from soma to the germline. 

If this pathway indeed exists, then the long-standing Weismann’s barrier theory on heritable 

information flow would be invalidated. However, our data reported here suggest that the 

increased proportions of tsRNAs in the caput epididymal sperm are mostly derived from 

their CDs, not from the epididymosomes. Due to the high abundance of rsRNAs and tsRNAs 

in both epididymal epithelial cells and CDs, many small RNAs that shuffle between sperm 

and their CDs are also present in epididymal epithelial cells, but the number is much smaller 

in epithelial cells than in CDs. Although the possibility that these small RNAs might come 

from the epididymal epithelial cells or epididymosomes cannot be completely excluded, 

the major source of the small RNAs that display drastic changes is indeed the CDs. In the 

physiological context, shuffling small RNAs between sperm and their CDs is more likely 

than trafficking small RNAs between sperm and epididymosomes. In future studies, one 

should look into whether testicular and cauda epididymal sperm can transmit the paternal 

epigenetic phenotypes to offspring with comparable efficiency, as it would tell whether 

gaining small RNAs from the epididymis is a prerequisite for the successful transmission of 

acquired traits from the father to his offspring.

In summary, our data strongly support that the sperm-borne small RNA profile is largely 

set up during late spermiogenesis, and this small RNA profile undergoes a transient change 

characterized by a significant increase in tsRNA abundance when sperm reach the caput 

epididymis, but the original profile is largely restored when sperm get to the cauda 

epididymis. The CDs, rather than the epididymosomes, serve as the source of increased 
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tsRNAs in caput epididymal sperm. Therefore, the notion that sperm gain small RNAs from 

the epididymis might need to be revisited, and Weissmann’s barrier theory remains valid.

Limitations of the Study

It is noteworthy that the quantitative analyses of small RNAs in the present study were based 

on proportional changes of all small RNAs detected in sperm and other samples. As millions 

of small RNA reads can be detected in sperm, small changes in the absolute abundance 

of a particular small RNA may not be physiologically significant. Therefore, we focused 

on the proportional changes of four major small RNA species (miRNAs, piRNAs, tsRNAs 

and rsRNAs). Consequently, only correlations among various samples were analyzed based 

on their total small RNA profiles. Absolute quantification of individual sRNAs can be 

achieved by using the same amount of sperm supplemented with an equal amount of 

spike-ins during library construction. However, it would not change the interpretation of our 

data and the conclusion drawn. Another technical limitation lies in the conventional sRNA 

library construction method used in the present study, which requires adaptor ligation to 

the 3’ and 5’ ends of the small RNAs before reverse transcription. The RNA modifications 

on the 3’ end (e.g., 2’,3’-cyclic phosphate or 3’-phosphate) and in the middle (e.g., N1-

methyladenosine (m1A)) may hinder the ligation and reverse transcription, respectively. 

Therefore, new methods that use AlkB enzyme and/or T4 Polynucleotide Kinase to reduce 

RNA modifications45,46 and/or group II intron/non-LTR reverse transcriptases (e.g., TGIRT 

III (InGex), BoMoC47, or Induro (NEB)) with high-processive and template switching/

jumping activities to bypass the RNA modifications and to eliminate the ligation steps may 

help obtain more comprehensive sRNA profiles.

STAR METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the lead contact, Wei Yan (wei.yan@lundquist.org).

Materials availability—Unique materials generated in this study are available from the 

lead contact without restriction.

Data and code availability—The RNA-seq data have been deposited into the National 

Center for Biotechnology Information Sequence Read Achieve database (accession no. 

PRJNA815339). Any additional information relating to the data reported in this paper is 

available from the lead contact upon request. This paper does not report original code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Laboratory mice—Adult (8–12 weeks of age) FVB male mice used in this study were 

housed in a temperature and humidity-controlled, specific pathogen-free facility under a 

light-dark cycle (12:12 light-dark) with food and water ad libitum. Animal use protocol was 

approved by the Institutional Animal Care and Use Committee (IACUC) of the University of 

Nevada, Reno, and is in accordance with the “Guide for the Care and Use of Experimental 

Animals” established by the National Institutes of Health (1996, revised 2011).
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METHOD DETAILS

Collection of spermatozoa—Testicular, caput and cauda epididymal sperm were 

collected as described18. Briefly, the epididymides were dissected and the fat pads and 

overlying connective tissue were removed (Fig. S1B). Caput and cauda epididymis were 

carefully dissected and placed in a human tubal fluid (HTF) medium (FUJIFILM Irvine 

Scientific, Cat#90125) at 37°C. To collect caput sperm, multiple small incisions were made 

at the proximal end of the caput, followed by piercing the remaining tissue with a 26G 

needle to release the caput luminal contents. To collect cauda sperm, the cauda epididymis 

was gently squeezed with a tweezer to release the luminal contents. Sperm-containing 

medium was incubated at 37°C for 30 min, then sperm were collected and transferred to a 

new tube. For testicular spermatozoa collection, testes were finely minced in a 35 mm Petri 

dish containing 1ml 150 mM NaCl and the contents were dispersed by vigorous pipetting 

and then subjected to the downstream purification procedures.

Purification of spermatozoa

Four to six male mice were used in each preparation of sperm suspensions from the testis, 

caput and cauda epididymis. The caput and cauda epididymal sperm suspensions were first 

filtered through a 40 μm cell strainer (Olympus) to remove tissue blocks and then gently 

washed with 1× PBS. After centrifugation at 1000× g for 5 min, the sperm suspension 

was split into three aliquots: the pellet from the first aliquot was resuspended in the SCLB 

(0.01% SDS, 0.005% Triton-X) followed by incubation on ice for 10 min as described18. 

The pellet from the second aliquot was resuspended with the same SCLB (0.01% SDS, 

0.005% Triton-X) followed by incubation on ice for 15 min. The pellet from the third 

aliquot was resuspended in a different SCLB (0.05% SDS and 0.005% Triton-X) followed 

by incubation on ice for 3–5 min. After treatment, sperm were pelleted by centrifugation at 

3000× g for 5 min. The supernatants were collected and the sperm pellets were washed with 

1× PBS. The purity of the sperm samples was determined by microscopic examination.

For testicular sperm purification, the sperm-containing medium was first filtered through 

a 40 μm cell strainer. Next, the collected cell suspension was loaded onto 10 ml of 52% 

isotonic Percoll (Sigma-Aldrich, Cat.# P1644) then centrifuged at 12000× g for 15 min at 

10°C. The pellet was resuspended in 5 ml of 150 mM NaCl spun at 600× g at 4°C for 

10 min, and then divided four equal fractions to pellet sperm by centrifugation: one was 

washed with 75 mM NaCl solution 3 times followed by treatment with SCLB (0.01% SDS, 

0.005% Triton-X); the other three groups were directly subjected to treatment with SCLB 

at three different concentrations (0.01%, 0.0125% and 0.025% SDS) by incubation on ice 

for 10 min, 5 min and 5 min, respectively. After SCLB treatment, sperm were pelleted by 

centrifugation at 3000× g 5 min. After collecting the supernatants, the sperm pellets were 

washed with 1× PBS. The purity of the sperm samples was determined by microscopic 

examination.

Preparation of highly pure epididymal epithelial cells

The caput epididymis was cut into small pieces (2 mm × 2 mm) and washed in HBSS 

to remove spermatozoa. Isolation of high enriched epithelial cells was performed as 

described54. In brief, the caput epididymal cell suspension was cultured in DMEM for 
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4 hours. The non-epithelial cells, such as blood cells and fibroblasts became attached to 

the culture dish, whereas the epithelial cells and a few sperm remained in suspension. 

After centrifugation at 800× g for 5 min, the pellet was resuspended in SCLB followed by 

incubation on ice for 10 min. After centrifugation at 3000× g for 5 min to remove the sperm, 

the supernatants were collected for RNA extraction for RNA-seq.

CDs purification

Adult FVB male mice were euthanized and the cauda epididymides were dissected and 

transferred into 2.5 ml of HTF. The epididymides were further dissected into smaller pieces 

(5 mm × 5 mm) followed by incubation in a humidity incubator at 37°C for about 30 

min. The spermatozoa-containing supernatants (2 ml) were collected and subjected to CDs 

purification using a discontinuous sucrose density gradient centrifugation as described28.

Purification of nuclei and cytoplasm

Pachytene spermatocytes, round and elongating spermatids were purified from adult testes 

using the STA-PUT method as described55. The purified spermatogenic cells were lysed in 

1ml of the nucleus lysis buffer (Sigma-Aldrich, Cat.# NUC101-1KT, 1:10 dilution in 10mM 

Tris-HCl (pH 7.4), 10mM NaCl, 3mM MgCl2, and 1× PBS) on ice for 1–3 minutes, and 

stopped by adding 6 ml 4% BSA-PBS. The lysate was centrifuged at 500× g for 5 min at 

4 °C. The pellets containing the nuclei were washed with 1× PBS followed by storage at 

−80°C, and the supernatants containing cytoplasmic contents were stored at −80°C.

Isolation of sperm heads and tails

Sperm were washed in 1× PBS and resuspended in 5 ml NIM consisting of 121.6 mM KCl, 

7.8 mM NaH2PO4, 1.4 mM KH2PO4, 10 mM EDTA disodium salt, and 0.01% PVA. The 

pH was adjusted to 7.2 using 1 M KOH. Sperm suspensions were sonicated on ice using a 

sonicator (Misonix XL-2000) with the power setting at 2 for 5s until >95% of sperm heads 

and tails were dissociated. Sonicated sperm heads and tails were loaded onto 62% (w/v) 

sucrose diluted in 1× PBS followed by centrifugation using the SW28Ti rotor (Beckman, 

Cat.# 342207) at 5,000 rpm (~4,500 × g) and 4°C for 10 min. After centrifugation, the heads 

were pelleted at the bottom of the tube and the tails were located in the interface. The sperm 

heads and tails were collected into separate tubes, followed by washing with 1× PBS. The 

pellets were collected and stored at −80°C for later use.

Northern blot

Northern blot was conducted as described56,57 with modifications. In brief, azide-labeled 

DNA oligos were ordered from IDT and covalently bonded to IRDye 680RD DBCO 

Infrared Dye (Li-Cor, Cat.# 929-50005) by incubating them at room temperature in 1× PBS 

in the dark. 15% Novex™ TBE-Urea Gels (Thermo Fisher Scientific, Cat.# EC6885BOX) 

was prerun at 300 V for 30 min. 150 ng of sperm total RNA was mixed with an 

equal volume of 2× Formamide Loading Dye (Thermo Fisher Scientific, Cat.# AM1560) 

followed by denaturing at 95°C for 3 min, and immediately chilling on ice. The denatured 

RNA samples were separated by the polyacrylamide gel electrophoresis at 180 V for 

1h in 1× TBE buffer, and transferred onto BrightStar™-Plus Positively Charged Nylon 
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Membrane (Thermo Fisher Scientific, Cat.# AM10100) using Novex™ Semi-Dry Blotter 

(Thermo Fisher Scientific, Cat.# SD1000) in the 0.5×TBE buffer at 250 mA for 60 min. 

The membrane was briefly dried on a papertowel and crosslinked twice at 120 mJ/cm2 

using Spectrolinker™ XL-1500 UV crosslinker (Spectronics Corporation). The crosslinked 

membrane was pre-hybridized in 10 ml ExpressHyb hybridization solution (Clontech, Cat.# 

636832) at 42°C for 30 min, followed by incubation in the IRDye 680RD-labeled probe 

diluted in ExpressHyb hybridization solution (1pmol/ml) at 42°C overnight. After washing 

with 2× SSC (Saline-sodium citrate) buffer (Sigma-Aldrich, Cat.# S6639) containing 0.1% 

SDS (Sigma-Aldrich, Cat.# 71736) and a second wash with 1× SSC-0.1% SDS wash 

buffer for 10 min at room temperature, the membrane was visualized by ChemiDoc MP 

Imaging System (Bio-Rad, Cat.# 12003154) at IRDye 680RD wavelength (700 nm). The 

band intensity was quantified using Fiji software. Probes used in this study are listed in 

Table S5.

Small RNA in situ Hybridization (sRNA-ISH)

sRNA-ISH was performed using the miRNAscope™ HD reagent kit (ACD biotechne, Cat.# 

QG324500) according to the manufacturer’s instructions. Briefly, sperm were fixed in 

4% paraformaldehyde (Thermo Fisher Scientific, Cat.# J19943-K2) for 15 min at room 

temperature, then spread onto Superfrost Plus slides (Thermo Fisher Scientific, Cat.# 

22-037-246), dried at room temperature, and stored at 4°C until further use. The slides 

were incubated at 4°C for 20 min in the −20°C prechilled 100% Acetone (Fisher Scientific, 

Cat.# A949-1), then proceeded to two changes of 100% ethanol (Fisher Scientific, Cat.# 

HC-800-1GAL) for 2 min each time with agitation, followed by post-fixation for 16 h in 

10% Normal buffered Formalin (Sigma-Aldrich, Cat.# HT501128-4L) at room temperature. 

After quenching the endogenous peroxidase with RNAscope
®

 Hydrogen Peroxide for 10 

min, the slides were treated with 1× RNAscope
®

 Target Retrieval Solution (ACD biotechne, 

Cat.# 322000) in a Hamilton Beach steamer preheated to at least 99°C for 15 min, followed 

by a 30-min incubation in Protease III at 40°C in an ACD HybEZ™ II Hybridization System 

(ACD biotechne, Cat.# 321710-R). Then the slides were hybridized with probes from ACD 

biotechne at 40°C for 2 h in the ACD HybEZ™ II Hybridization System, followed by signal 

amplification, red signal detection, counterstain with 50% hematoxylin (Sigma-Aldrich, 

Cat.# MHS32-1L), and bluing at 0.02% Ammonium Hydroxide (Sigma-Aldrich, Cat.# 

221228-500ML-PCA). The slides were dried in a 60°C dry oven for 15 min, then dipped 

in two changes of 100% xylene (Fisher Scientific, Cat.# HC-700-1GAL) for 2 min before 

mounting with Vectamount (Vector Lab, Cat.# H-5000). Images were taken under 100× Ph2 

magnification.

Immunofluorescence

Immunofluorescent staining of sperm and CDs was performed as described previously28. 

Briefly, sperm and the purified CD were fixed in 4% paraformaldehyde for 15 min (Thermo 

Fisher Scientific, Cat.# J19943-K2), then spread onto Superfrost Plus slides (Thermo Fisher 

Scientific, Cat.# 22-037-246), air-dried, and washed with 1× PBS 3 times (5 min/wash). 

Heat-induced antigen retrieval was performed in 0.01 M citric acid buffer with high 

power for 4 min once, and three times with low power for 4 min. Slides were cooled 

down to room temperature and washed with 1× PBS 3 times (5 min/wash). Following 
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permeabilization with 0.5% Triton X-100 (Sigma-Aldrich, Cat.# T8787) in PBS for 5 min at 

room temperature, the slides were washed with 1× PBS 3 times (5 min/wash), and blocked 

with 1% BSA at room temperature for 30 min. Then the slides were incubated with primary 

antibodies at 4°C overnight. The goat anti-LDHC antibody (Thermo Fisher Scientific, 

Cat.# PA5-18779) and the rabbit anti-Cytokeratin 19 (KRT19) antibody (Abcam, Cat.# 

ab52625) were used at dilutions of 1:500. After overnight primary antibody incubation, 

the slides were moved to room temperature for 30 min before 3 washes with 1× PBS 

(10 min/wash). Slides were then incubated with the Donkey anti-Goat IgG (H+L) Highly 

Cross-Adsorbed Secondary Antibody, Alexa Fluor™ Plus 594 (for LDHC, 1: 500 in PBS, 

Thermo Fisher Scientific, Cat.# A32758) and Donkey anti-Rabbit IgG (H+L) Highly Cross-

Adsorbed Secondary Antibody, Alexa Fluor™ Plus 488 (for Cytokeratin 19, 1:1000 in PBS, 

Thermo Fisher Scientific, Cat.# A32790) at room temperature for 1 h with gentle shaking, 

followed by 3 times 1x PBS washes (10 min/wash). Finally, the slides were mounted 

and counterstained in Antifade Mounting Medium with DAPI (Vector Lab, Cat.# H-1800). 

Images were taken using a confocal microscope.

Total RNA extraction

Sperm pooled from four mice were subjected to RNA extraction using the mirVana miRNA 

Isolation Kit (Thermo Fisher Scientific, Cat#AM1560). The Qubit RNA High Sensitivity 

Assay Kit (Invitrogen, Cat#Q32855) was used to quantify the extracted RNA on a Qubit 2.0 

Fluorometer (Invitrogen).

RNA library construction

Small RNA libraries were constructed using NEBNext
®

 Small RNA Library Prep Set for 

Illumina
®

 (Multiplex Compatible) (NEB, Cat#E7330L) according to the manufacturer’s 

instructions, as described previously58. Duplicate samples were used with each collected 

and pooled from four mice. The libraries were sequenced using HiSeq 2500 system for 

single-end 50 bp sequencing.

QUANTITATION AND STATISTICAL ANALYSIS

RNA-Seq data analysis

The small RNA-seq data were parsed and annotated using the SPORTS tool with one 

mismatch tolerance23. Briefly, SPORTS was applied to generate trimmed sequencing reads 

by removing adapter sequences. The trimmed sequencing reads with lengths out of the 

defined range were excluded from further analyses. The remaining trimmed reads were 

next aligned against miRBase, rRNA sequences, GtRNAdb, piRBase, and piRNABank, 

respectively48–51. Both tsRNAs and rsRNAs were grouped into individual subcategories 

according to their parent RNAs, i.e., tRNA and rRNAs. We used the edgeR tool to prioritize 

the small RNA species that were differentially expressed between groups52. The TMM 

algorithm was applied to perform the sequencing read count normalization and effective 

library size estimation53. The correlation in RNA expression between individual samples 

was plotted by the GGally package within the R platform. The hierarchical clustering and 

heatmaps were generated by the gplots package within the R platform.
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Statistical analyses

Statistical analyses were performed using the SPSS program (IBM, SPSS) and shown as 

mean ± standard error of the mean (SEM). Statistical differences between the two groups 

were assessed by the Student’s t-test. *, **, *** and ns represent p< 0.05, p< 0.01, p< 0.001 

and no significance, respectively.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Sperm-borne small RNAs are mainly derived from late spermatids in the testis

• The small RNA profile changes when sperm transit through the epididymis

• Sperm exchange small RNAs with cytoplasmic droplets (CDs) rather than 

epididymosomes
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Figure 1. sRNA-seq analyses of small RNA compositions in testicular, caput and cauda 
epididymal sperm, see alsoFigures S1-S3, andTables S1-S2.
(A) Representative phase-contrast images of sperm after purification with the optimized 

SCLB method. Scale bar = 50 μm.

(B) Proportional distribution patterns of small RNAs in eleven samples, including purified 

three types of sperm (testicular, caput, and cauda epididymal), supernatants from the three 

sperm purification procedures, caput epididymal epithelial cells, CDs purified from caput 

and cauda epididymal sperm, heads and tails of cauda epididymal sperm. Two biological 

replicates were sequenced, with each collected and pooled from at least four mice.

(C) Proportional distribution patterns of small RNAs in the nuclei and cytoplasm of 

pachytene spermatocytes, round and elongating spermatids. Two biological replicates were 

sequenced, with each collected and pooled from two to three mice.

Wang et al. Page 21

Dev Cell. Author manuscript; available in PMC 2024 May 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Expression and localization of tsRNAs and rsRNAs in testicular, caput and cauda 
epididymal sperm, see alsoFigure S4.
(A) Relative abundance of tRNA-Gly, tRNA-Glu, and tRNA-Val in testicular, caput, and 

cauda sperm as determined by sRNA-seq. Two biological replicates were sequenced, with 

each collected and pooled from at least four mice.

(B) Representative Northern blots showing expression levels of three tRNAs/tsRNAs and 

two rRNAs/rsRNAs in testicular, caput, and cauda epididymal sperm. Equal amounts of 

RNA were loaded, as shown in the input panel to the very left. Blue and red arrowheads 

point to intact and cleaved tRNAs and rRNAs, respectively. Two biological replicates were 

conducted, with each collected and pooled from five mice.

(C) Quantitative analyses of Northern blot results from two biological replicates, with each 

collected and pooled from five mice.
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(D) sRNA ISH localization of tRNAs/tsRNAs in testicular, caput, and cauda epididymal 

sperm. Pink color represents specific hybridization signals. Negative control (NC) yielded 

no labeling. Insets are digitally enlarged framed areas. Scale bar = 20 μm. Three biological 

replicates were conducted.

(E) Quantitative analyses of proportions of sperm with specific sRNA ISH signals. At least 

300 sperm were counted for each sample. Data are presented as mean ± SEM, n=3. **, 

p<0.01, Student’s t-test.
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Figure 3. Dynamic changes in small RNA composition during sperm epididymal maturation, see 
alsoTables S3 andS4.
(A) The number of significantly up-regulated (gained) and down-regulated (lost) small 

RNAs when sperm transit from the testis to the caput and then to cauda epididymis. Two 

biological replicates were sequenced, with each collected and pooled from at least four mice.

(B) The number of overlapping small RNAs between up-regulated small RNAs during testis 

to caput transition and down-regulated small RNAs during caput to cauda migration. Two 

biological replicates were sequenced, with each collected and pooled from at least four mice.

(C) The number of overlapping small RNAs between down-regulated small RNAs during 

testis to caput transition and up-regulated small RNAs during caput to cauda migration. Two 

biological replicates were sequenced, with each collected and pooled from at least four mice.
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Figure 4. Small RNAs up- or down-regulated in caput epididymal sperm are likely derived from 
CDs rather than epididymosomes, see alsoFigure S5.
(A) Principal components analysis (PCA) of the small RNA transcriptomes of the eight 

samples. Two biological replicates were sequenced, with each collected and pooled from at 

least four mice.

(B) Summary of overlapped small RNAs between the gained or lost during sperm transit 

through the epididymis and small RNAs identified in CDs, caput epididymis, cauda 

epididymis and epididymosomes. Two biological replicates were sequenced, with each 

collected and pooled from at least four mice.

(C) Scattered plots showing correlations between the small transcriptomes of testicular 

sperm (top panels), the caput (middle panels) or cauda (bottom panels) epididymal sperm 

and CD, caput epididymis, cauda epididymis, or epididymosomes. Correlation is in the 

log10 expression. Two biological replicates were sequenced, with each collected and pooled 

from at least four mice.
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(D) Representative immunofluorescent images of KRT19 and LDHC in testis, caput and 

cauda epididymis cross-sections and sperm smears. Scale bar = 50 μm. Three biological 

replicates were conducted.
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Figure 5. Schematics showing exchanges of tsRNAs and rsRNAs between testicular/epididymal 
sperm and their CDs during sperm epididymal maturation.
From pachytene spermatocytes to round and then elongating spermatids, the small RNA 

proportional distribution patterns are very different between the nucleus and cytoplasm, 

and the nuclear small RNA profile is gradually shaped into that of the testicular sperm 

during murine spermiogenesis. Once testicular sperm reach the caput epididymis, numerous 

tsRNAs shift from CDs to the sperm flagellum and neck regions, whereas sperm rsRNAs 

translocate into CDs. The opposite movements of tsRNAs and rsRNAs occur between sperm 

and CDs when sperm further migrate from the caput to cauda epididymis, leading to similar 

small RNA compositions between testicular and cauda epididymal sperm.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Goat anti-LDHC Thermo Fisher Scientific Cat.# PA5-18779

Rabbit anti-Cytokeratin 19 Abcam Cat.# ab52625

Donkey anti-Goat IgG (H+L) Highly Cross-Adsorbed 
Secondary Antibody, Alexa Fluor™ Plus 594

Thermo Fisher Scientific Cat.# A32758

Donkey anti-Rabbit IgG (H+L) Highly Cross-
Adsorbed Secondary Antibody, Alexa Fluor™ Plus 488

Thermo Fisher Scientific Cat.# A32790

Chemicals, peptides, and recombinant proteins

Percoll Sigma-Aldrich Cat.# P1644

IRDye 680RD DBCO Infrared Dye Li-Cor Cat.# 929-50005

DAPI Vector Lab Cat.# H-1800

Human tubal fluid medium FUJIFILM Irvine Scientific Cat.# 90125

15% Novex™ TBE-Urea Gels Thermo Fisher Scientific Cat.# EC6885BOX

2× Formamide Loading Dye Thermo Fisher Scientific Cat.# AM1560

Advanced Cell Strainers, 40μm Olympus Cat.# 25-375

4% paraformaldehyde Thermo Fisher Scientific Cat.# J19943-K2

100% Acetone Fisher Scientific Cat.# A949-1

100% ethanol Fisher Scientific Cat.# HC-800-1GAL

10% Normal buffered Formalin Sigma-Aldrich Cat.# HT501128-4L

BrightStar™-Plus Positively Charged Nylon Membrane Thermo Fisher Scientific Cat.# AM10100

Novex™ Semi-Dry Blotter Thermo Fisher Scientific Cat.# SD1000

ExpressHyb hybridization solution Clontech Cat.# 636832

2× SSC (Saline-sodium citrate) buffer Sigma-Aldrich Cat.# S6639

SDS Sigma-Aldrich Cat.# 71736

1× RNAscope® Target Retrieval Solution ACD biotechne Cat.# 322000

ACD HybEZ™ II Hybridization System ACD biotechne Cat.# 321710-R

50% hematoxylin Sigma-Aldrich Cat.# MHS32-1L

Ammonium Hydroxide Sigma-Aldrich Cat.# 221228-500ML-PCA

100% xylene Fisher Scientific Cat.# HC-700-1GAL

Vectamount Vector Lab Cat.# H-5000

Triton X-100 Sigma-Aldrich Cat.# T8787

Critical commercial assays

mirVana miRNA isolation kit ThermoFisher Cat.# AM1560

Nuclei Isolation Kit Sigma-Aldrich Cat.# NUC101-1KT

Qubit RNA high sensitivity assay kit Invitrogen Cat.# Q32855

NEBNext® small RNA library prep set Illumina Cat.# E7330L

miRNAscope™ HD reagent kit ACD biotechne Cat.# QG324500
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REAGENT or RESOURCE SOURCE IDENTIFIER

RNA-seq data This paper PRJNA815339

Experimental models: Cell lines

NIH/3T3 cells ATCC CRL-1658

Experimental models: Organisms/strains

Mouse: FVB Charles River Laboratories Strain Code: 207

Software and algorithms

GraphPad Prism GraphPad https://www.graphpad.com/scientific-software/
prism/

SPORTS Shi et al.23 https://github.com/junchaoshi/sports1.1

miRBase Kozomara and Griffiths-Jones.48 http://www.mirbase.org/

GtRNAdb Chan and Lowe.49 http://gtrnadb.ucsc.edu/

piRBase Zhang et al.50 http://www.regulatoryrna.org/database/piRNA/

piRNABank Lakshmi and Agrawal.51 http://pirnabank.ibab.ac.in/

edgeR Robinson et al.52 http://bioconductor.org/

TMM algorithm Robinson and Oshlack.53 N/A

SPSS IBM https://www.ibm.com/analvtics/spss-statistics-
software
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