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The Golgi Glycoprotein MGAT4D is
an Intrinsic Protector of Testicular
Germ Cells From Mild Heat Stress

Ayodele Akintayo(®°, Meng Liang®?%3, Boris Bartholdy®?, Frank Batista(®?,
Jennifer Aguilan®?, Jillian Prendergast®*, Afsana Sabrin(®?, Subha Sundaram®? &
Pamela Stanley®"

Male germ cells are sensitive to heat stress and testes must be maintained outside the body for optimal
fertility. However, no germ cell intrinsic mechanism that protects from heat has been reported.

Here, we identify the germ cell specific Golgi glycoprotein MGAT4D as a protector of male germ cells
from heat stress. Mgat4d is highly expressed in spermatocytes and spermatids. Unexpectedly, when
the Mgat4d gene was inactivated globally or conditionally in spermatogonia, or mis-expressed in
spermatogonia, spermatocytes or spermatids, neither spermatogenesis nor fertility were affected. On
the other hand, when males were subjected to mild heat stress of the testis (43 °C for 25 min), germ
cells with inactivated Mgat4d were markedly more sensitive to the effects of heat stress, and transgenic
mice expressing Mgat4d were partially protected from heat stress. Germ cells lacking Mgat4d generally
mounted a similar heat shock response to control germ cells, but could not maintain that response.
Several pathways activated by heat stress in wild type were induced to a lesser extent in Mgat4d[—/—]
heat-stressed germ cells (NF«.B response, TNF and TGF{3 signaling, Hif1a and Myc genes). Thus, the
Golgi glycoprotein MGAT4D is a novel, intrinsic protector of male germ cells from heat stress.

MGAT4D is designated family member D of the MGAT4 gene family by the Human Genome Nomenclature
Committee based on sequence similarity to other members, including MGAT4A and MGAT4B. The latter are
N-acetylglucosaminyltransferases (GIcNAcTs) that add a 31, 4GlcNAc to complex N-glycans. However, when
MGAT4D is transfected into cultured cells, it does not appear to have GIcNACT activity. Rather, it inhibits
MGAT1 activity, the GIcNACT responsible for initiating complex N-glycan synthesis'. Because of this inhibitory
activity, the protein was termed GnT1IP for GIcNAcT1 Inhibitory Protein. The Mgat4d gene is highly expressed
in mouse testis with little expression in other mouse tissues®. Based on RNA-seq analysis, it is expressed in sper-
matocytes and spermatids, but not in spermatogonia, sperm or Sertoli cells®>. MGAT4D is the most abundant
protein in purified Golgi from rat testis germ cells*. Characterization of the interactions of MGAT4D in the
Golgi using a fluorescence resonance energy transfer (FRET) assay showed that it interacts with MGAT1 but not
MGAT2, MGAT3, MGAT4B or MGATS5". Since knockout of MgatI in spermatogonia disrupts spermatogenesis
and results in infertility>®, deletion or overexpression of Mgat4d in germ cells were both expected to have effects
on spermatogenesis. In this paper, we show that unexpectedly, deletion of Mgat4d globally, or specifically in sper-
matogonia, or mis-expression of Mgat4d in spermatogonia, spermatocytes or spermatids, do not appear to alter
spermatogenesis in young or aged mice, and do not affect fertility. However, mild heat stress of the testis in aged
mice revealed that germ cells lacking Mgat4d exhibited more damage and apoptosis following heat stress. By con-
trast, a Mgat4d transgene expressed in spermatogonia, spermatocytes or spermatids, conferred partial resistance
to mild heat stress. This is the first report of a germ cell intrinsic molecule that protects germ cells from heat stress
and a novel function for a Golgi glycoprotein. Gene expression analyses showed that germ cells lacking Mgat4d
responded to heat stress by initially upregulating heat shock and related genes. However, in contrast to controls,
germ cells lacking Mgat4d did not sustain this response, nor upregulate anti-inflammatory and anti-apoptotic
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Figure 1. Generation of Mgat4d mutant mice. (A) Map of the targeted Mgat4d™? OMPWesi gljele in ES cells
obtained from KOMP. Exon 4 is flanked by two loxP sites. LacZ and the neomycin cassettes are flanked by two
Frt sites. (B) PCR of genomic DNA from Mgat4d[+/+], Mgat4d[+/—], Mgat4d[—/—] and Mgat4d[F/—]:Stra8-
iCre pups to determine genotype. Primers are given in Supplementary Table S1. (C) Western blot analysis of
protein extracts of germ cells purified from 28 dpp Mgat4d[+/+], Mgat4d[+/—] and Mgat4d[—/—] mice. Long
and short forms of MGAT4D are identified. *is a non-specific band. Full blot in Supplementary Fig. S1. (D)
Representative testis section from a mouse carrying the LacZ gene under the control of the Mgat4d promoter
after staining for 3-galactosidase (blue). Nuclei were stained with eosin. (E) Immunohistochemistry of
representative testis sections from Mgat4d[+/—] and Mgat4d[—/—] mice of 28 dpp. The presence of MGAT4D
is shown by the brown stain consistent with a Golgi localization (arrows). Nuclei were stained with hematoxylin.

protective genes to the same degree as wild type germ cells. The data identify a new function for MGAT4D as a
protector of male germ cell homeostasis, and provide new insight into how male germ cells withstand heat stress.

Results

Effects of global and conditional deletion of Mgat4d on spermatogenesis and fertility.
Embryonic stem cells (ES Cells) carrying the construct Mgat4d™2(KOMPIWsi desjoned to conditionally delete exon
4 of the Mgat4d gene (Fig. 1A) were obtained from the Knockout Mouse Project (KOMP) repository. Following
injection into C57BL/6] blastocysts, chimeras were crossed to C57BL/6] to obtain mice carrying the conditional
Mgat4dm1aKOMPIWsi g]lele. Male progeny were crossed with FVB Stra8-iCre” or FlpI-Cre transgenic females
(12954/SvJaeSor-Gt(ROSA)26Sor' ™ (FLPUDymT)8 Sirg8 is expressed in spermatogonia from 3 days post-partum
(dpp) and the FipI-Cre was expressed from the ROSA26 locus. Male mice with global (Mgat4d[—/—]) or con-
ditional (Mgat4d[F/F]:Stra8-iCre) inactivation of the Mgat4d gene were generated, and males expressing LacZ
from the Mgat4d promoter were also obtained (Fig. 1A). Both strains were crossed to FVB mice and main-
tained on a FVB background because Mgat1 deletion was performed on the FVB background®. Genotyping PCR
identified Mgat4d[+], Mgat4d[—], Mgat4d[F] alleles and Stra8-iCre (Fig. 1B). Primer sequences, locations and
expected product sizes are given in Supplementary Table S1. Polyclonal rabbit antibodies (pAb) prepared against
a C-terminal peptide of MGAT4D identified the long form (MGAT4D-L) and the short form (MGAT4D-S)
which lacks 44 amino acids at the N-terminus of MGAT4D-L, and mice with inactivated Mgat4d had no signal, as
expected (Fig. 1C). Detection of LacZ expression by beta-galactosidase activity showed that the Mgat4d promoter
is active mostly in spermatocytes and spermatids in testis tubules (Fig. 1D), consistent with results of RNA-seq
analysis®. Immunohistochemistry for MGAT4D in testis sections from Mgat4d[+/—] or wild type males shows
staining in a Golgi-like organelle in spermatocytes and round spermatids, but not in Sertoli cells, spermatogonia
or spermatozoa (Fig. 1E). Similar experiments in rat testis showed GL54D/MGAT4D to have the same expres-
sion pattern as several established Golgi markers*. We show in Supplementary Fig. S3C that antibodies to the
Golgi marker GM130 co-localized with MGAT4D in mouse germ cells. Testis sections from Mgat4d[—/—] males
showed no staining, as expected (Fig. 1E).
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Mouse No. No. No. Transmission (CHI
strain Male genotype males litters pups | Mgatdd[—/—] Mgat4d[+/—] squared)

FVB Mgatdd[—/—] 5 5 54 29 25 0.586

C57BL/6] Mgat4d[—/—] 4 13 88 42 46 0.669

C57BL/6] Mgat4d[F/F]: Stra8-iCre 2 9 59 29 30 0.896

Mgat4d-L-Myc Mgatdd[+/+]

C57BL/6] Stra8-Mgat4d-L-Myc 7 20 171 70 101 0.018

C57BL/6] Ldhc-Mgat4dd-L-Myc 4 9 59 26 33 0.362

C57BL/6] Prm1-Mgat4d-L-Myc 6 12 77 41 36 0.568

Table 1. Fertility of Mgat4d[—/—] and Mgat4d-L-Myc transgenic male mice. Mgat4d[—/—] males were crossed
with Mgat4d[+/—] females. Mgat4d[F/F]:Stra8-iCre] males were crossed with Mgat4d[F/—] females. Mgat4d-
L-Myc transgenic heterozygote males were crossed with Mgat4d[+/+] females. Stra8-Mgat4d-L-Myc males
transmitted the transgene significantly less often than expected based on Mendelian inheritance.

Mgat4d[—/—] males and females were fertile and transmitted the inactivated gene according to the expected
Mendelian distribution (Table 1). Male mice with conditional deletion of Mgat4d in spermatogonia also showed
no defects in fertility on a FVB background, or after backcrossing 10 generations to C57BL/6] mice (Table 1).
Based on histological analyses, testicular weight and analysis of sperm parameters (sperm count, viability, mor-
phology, motility and acrosome reaction), no obvious defects in spermatogenesis were observed in Mgat4d[—/—]
males. In addition, aging (up to 596 dpp for FVB and 482 dpp for C57BL/6]) did not reveal apparent histological
differences in spermatogenesis between mutant and control males (data not shown).

As discussed in the Introduction, MGAT4D was initially described as an inhibitor of MGAT1 activity and
termed GnT1IP'. By deleting such an inhibitor, we expected MGAT1 activity might increase, and the level of
complex N-glycans on glycoproteins might also increase. We determined MGAT1 GlcNAc transferase activity
in germ cell extracts. Germ cells were purified from 28 dpp C57BL/6] wild type (n =4) and Mgat4d[—/—] males
(n=4) and protein extracts prepared. The average activity for Mgat4d[+/+](1.86 4+/— 0.38 nmol/mg/hr) and for
Mgat4d[—/—](1.68 +/— 0.32nmol/mg/hr) were not significantly different (p = 0.72). This result might reflect the
fact that Mgat1 is most highly expressed in spermatogonia, which do not express Mgat4d®. However, there was
an increase in certain oligomannosyl and complex N-glycan species in Mgat4d[—/—] testis sections examined by
MALDI mass spectrometry imaging (MALDI-IMS) (Supplementary Fig. S2A, $2B, S2C) indicative of a distur-
bance in N-glycan synthesis in Mgat4d[—/—] germ cells. The fact that the complement of more highly branched
N-glycan species was not increased in Mgat4d KO testis is consistent with findings from an activated allele of
MGATT1 that predisposes to multiple sclerosis®.

Males lacking Mgat4d are more sensitive to mild heat stress of the testis. Given the apparent
lack of significant consequences for spermatogenesis of removing Mgat4d, we investigated whether stressing
testicular germ cells would reveal any effects of Mgat4d loss. Spermatogenesis is sensitive to an increase in tem-
perature!®!! and we reasoned that disturbing tissue homeostasis using mild heat stress might reveal roles for
MGAT4D in testis. The remaining cohort of aged Mgat4d[+/—] and Mgat4d[—/—] FVB mice of between 592
and 596 dpp were anesthetized and subjected to mild heat stress by immersing the lower half of the body in
water at 43 °C for 25 min. Mock treatment involved the same procedure with a water temperature of 33 °C. After
recovery for 24 hr, testes were harvested. Similar protocols have previously been used to investigate heat stress
in mouse testes'!~!3. One testis was used for histological analysis and the other for RNA and protein extrac-
tion. While testis sections from males treated at 33 °C appeared normal, 43 °C treatment caused the appearance
of enlarged (>10pm) multinucleated cells, large vacuoles (>10um), small vacuoles and pyknotic cells in testis
tubules (Fig. 2A). Spermatozoa in the epididymis also included pyknotic cells following heat stress (Fig. 2B).
Compared to controls, Mgat4d[—/—] testis sections exhibited an increased number of tubules (~3.5-fold) with
enlarged cells, and a decrease in undamaged tubules (~2-fold). (Fig. 2C). No significant difference was found in
testis weights of heat-treated versus control mice (Supplementary Table S2).

Heat stress increases apoptosis in differentiating germ cells'>!>!* and so testis sections from heat- and
mock-treated aged FVB males were subjected to the “Apoptag” assay and staining was quantified using FIJT soft-
ware (https://fiji.sc/). As expected, apoptosis increased in sections from control heat-treated males sacrificed 24 hr
after heat treatment (Fig. 3A,B). However, testes from Mgat4d[—/—] mice showed ~2-fold more apoptotic germ
cells than Mgat4d[+/—] controls (Fig. 3C,D). Thus, based on histology and levels of apoptosis, the effects of heat
stress were more severe for aged Mgat4d[—/—] testes than for heterozygous testes.

Mgat4d transgenic mice are resistant to the effects of heat stress. Mice with targeted deletion
of Mgat1 in testicular germ cells exhibit defective spermatogenesis and are infertile®. Thus, it was expected that
inhibiting MGAT1 activity by increasing the level of MGAT4D in germ cells, would induce defects in mouse
spermatogenesis. To investigate, C57BL/6] transgenic males expressing a Mgat4d-L-Myc cDNA in specific
germ cell types were generated. This transgene has previously been shown to inhibit MGAT1 in transfected
cells™?. The Stra8 (Stimulated By Retinoic Acid 8) promoter was used to express the transgene in spermatogo-
nia>”’, the Ldhc (Lactate Dehydrogenase C) promoter was used to express in spermatocytes'>!¢, and the Prm1
(Protamine 1) promoter was used to express in spermatids'” (Fig. 4A). The transgenic mouse strains were named
Stra8-Mgat4d-L-Myc, Ldhc-Mgat4d-L-Myc and Prm1-Mgat4d-L-Myc, respectively. They were genotyped by PCR
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Figure 2. Effects of heat treatment on Mgat4d[—/—] testes. (A) Representative testis sections stained with
H&E. Upper panels from mice whose lower body was submerged for 25 min at 33 °C and lower panels from
mice treated similarly at 43 °C. Arrows indicate enlarged cells, arrow heads show vacuoles in germ cells. (B)
Representative epididymis sections from a Mgat4d[—/—] male treated at 33 °C (upper) or 43 °C (lower) and
stained with H&E. Arrows in the 43 °C sample indicate pyknotic cells in the tubule lumen. (C) Quantification of
different tubule categories in testis sections from heat-treated (43 °C) Mgat4d[+/—] and Mgat4d[—/—] males.
Positive tubules were counted as those with at least one cell of radius >10 jum; large vacuoles were tubules with
at least one vacuole >10 pum; small vacuoles, pyknotic cells were tubules with at least one vacuole of radius
<10pm or tubules containing pyknotic cells; undamaged tubules were tubules with no apparent damage. Mice
were from an aged cohort (592-596 days) of Mgat4d[+/—](n=2) and Mgat4d[—/—](n="5) mice. Thirty (30)
tubules were counted in one section per mouse. Student’s t test (two-tailed, unpaired) **p < 0.01; *p < 0.05.

of genomic DNA using primers described in Supplementary Table S1, and transgene expression was shown to be
3-6-fold greater than endogenous Mgat4d-L levels using quantitative RT-PCR (qQRT-PCR) on ¢cDNA from testis
(Fig. 4B). qQRT-PCR using primers specific for the Myc sequence gave a similar level of expression based on Ct
values, whereas no product was obtained from wild type (not shown). Myc transcripts could not be quantitated
relative to the control that had no transgene. By contrast, attempts to determine MGAT4D-L-Myc protein levels
in testis extracts by western blot analysis using anti-Myc monoclonal antibodies (mAb) from several species were
not successful, although MGAT4D-L-Myc overexpressed in CHO cells is detected by anti-Myc mAb®. We gener-
ated C- and N-terminal peptide-purified rabbit pAbs that detect MGAT4D-L-Myc or Myc-MGAT4D-L, respec-
tively, in transfected CHO cells (Supplementary Fig. S3A, S3B). The C-terminal pAb detected Myc-MGAT4D-L
much more readily than MGAT4D-L-Myc (Supplementary Fig. S3A, S3B). However, MGAT4D-L-Myc was not
detected in extracts from transgenic germ cells (Supplementary Fig. S3B). Overexpression or mis-expression of
Mgat4d in germ cells was expected to inhibit MGAT1 activity'*. However, compared to Mgat4d[+/+] controls
(1.14/-0.13nmol/mg/hr; n = 10), there was no significant inhibition of MGAT]1 activity in germ cells from
28-42 dpp Stra8-Mgat4d-L-Myc (1.4 +/— 0.16 nmol/mg/hr; n =7), Ldhc-Mgat4d-L-Myc (0.78 +/— 0.18 nmol/
mg/hr; n=4), Prm1-L-Mgat4d (1.3 +-/—0.03 nmol/mg/hr; n = 4). Moreover, MALDI-IMS of testis sections
showed no significant increase in the oligomannosyl substrate of MGAT1 in Mgat4d transgenic testis sections
(Supplementary Fig. S2D), consistent with the MGAT1 activity assay results. Importantly, however, the experi-
ments that follow show that each transgene was functional in protecting germ cells from mild heat stress.
Histological analysis of testis sections showed no obvious changes in spermatogenesis or testicular struc-
ture in adult transgenic mice (Fig. 4C). In addition, the fertility of transgenic males was normal, although
Stra8-Mgat4d-L-Myc mice showed low transgene transmission from transgenic males (Table 1). Males from the
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Figure 3. Apoptosis of germ cells in heat-treated testes. Representative testis sections from 33 °C- or

43 °C-treated aged FVB males were subjected to the TUNEL “Apoptag” assay for in situ detection of DNA strand
breaks. (A) Section from a 33 °C-treated Mgat4d[—/—] male. (B) Section from a 43 °C-treated Mgat4d[+/—]
male. (C) Section from a 43 °C-treated Mgat4d[—/—] male. DNA breaks stained brown (red arrows). (D)
quantification of apoptotic signal in >100 tubules using FIJI software. Student’s t test (unpaired, two-tailed)

#p < 0.05.

three transgenic mouse strains and non-transgenic littermates or wild type C57BL/6] controls were subjected
to mild heat stress. No significant difference was observed in testis weights of mock- versus heat-treated mice
(Supplementary Table S2). Importantly, however, each transgenic strain showed an ~3-fold reduction in the num-
ber of tubules with enlarged germ cells, and ~2-fold fewer tubules with large vacuoles (Fig. 5A). The number
of undamaged tubules was also increased but small vacuoles and pyknotic cells were present in heat-treated
transgenic mice (Fig. 5B-D). The “Apoptag” assay revealed an ~2-fold reduction in apoptotic germ cells in all
three transgenic strains (Fig. 6A,B). We also investigated previously reported gene expression changes due to
heat stress. In wild type males, Socs3, Hspala and DegsI were up-regulated, while Bcl2[12, Crbg3 and Dmrt1 were
down-regulated after heat treatment (Fig. 7), consistent with previous observations'*'8. Interestingly, Mgat4d was
markedly down-regulated following heat treatment (Fig. 7). Gene expression in heat treated Stra8-Mgat4d-Myc
males was similar to that in non-transgenic males at 33 °C, up-regulated genes being less up-regulated and
down-regulated genes, less down-regulated compared to non-transgenic at 43 °C (Fig. 7). Thus, on the basis of
several criteria, the presence of a Mgat4d-L-Myc transgene in germ cells gave significant protection from heat
stress.

Molecular basis of the increased sensitivity of Mgat4d[—/—] germ cells to heat stress. The
histological and apoptotic changes induced by heat stress reported above were observed in an aged cohort of
1.6-year FVB mice. We subsequently tested 7 month C57BL/6] Mgat4d[—/—] mice and did not observe increased
sensitivity to heat stress. However, protection from heat stress was observed in adult C57BL/6] transgenic mice as
shown here. Thus, to determine whether Mgat4d[—/—] mice on a C57BL/6] background exhibited a more sensi-
tive response to heat stress than controls, and to also gain insights into molecular mechanisms that underlie this
phenotype, microarray analyses were performed on cDNA from purified germ cells of control and Mgat4d[—/—]
C57BL/6] mice of ~2 months. Mgat4d[+/+] and Mgat4d[—/—] males were treated at 33 °C or 43 °C for 25 min
and sacrificed after 8 hr, a time when no visible histological changes to germ cells were observed (data not shown).
Testes were enzymatically dissociated and germ cells were isolated and counted. RNA preparations with a RIN
value > 7.9 were used to make cDNA for microarray analysis. Purity of germ cells was assessed by relative
expression of germ cell-specific and non-germ cell genes to the same genes expressed in testis RNA as previously
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Figure 4. Generation and characterization of Mgat4d transgenic mice. (A) Schematic representation of
constructs used to generate transgenic (Tg) mice. Expression of Mgat4d-L-Myc was driven by promoters (Stra8,
Ldhc and Prm1) specific for different germ cell types. Lower diagram, position of primers used for qRT-PCR
amplification. “LongFw” and “LongRev” to amplify the 5 region of Mgat4d-L; “TrFw” and “TrRev” to amplify
the transgene junction. (B) qRT-PCR of Mgat4d-L 5’ primer transcripts relative to Actb and Rps2. Testis RNA
was isolated from males of 28 dpp. (C) Representative H&E stained testis sections from 120 dpp control and
Mgat4d-L-Myc transgenic males.

described®. The Mouse Clariom™ D GeneChip™ Mouse Transcriptome Array 1.0 from Affymetrix was used.
Custom scripts using the R/Bioconductor tools affymetrix and limma were used to process the raw (.CEL) files
and to compare Mgat4d[—/—] versus Mgat4d[+/+] microarray data from 33 °C- and 43 °C-treated mice. The
samples displayed a moderate clustering by genotype, as seen in PCA plots (Fig. 8A). Importantly, significant
differences between genotypes were much less pronounced at 33 °C than at 43 °C, as witnessed by the tighter cor-
relation in the heat maps, and a lower number of differentially expressed genes (DEGs) between genotypes shown
in volcano plots (Fig. 8B). However, a clear difference was evident between wild type and Mgat4d[—/—] arrays
from germ cells of mice treated at 43 °C. Given the importance of the temperature as a confounding variable, it
was included in modeling differential gene expression between genotypes (Fig. 8C). DEGs in mutant versus wild
type germ cells at 33 °C and at 43 °C were determined, and the interaction between temperature and genotype
was evaluated to obtain gene lists for further analysis. Microarray data are deposited in NCBI's Gene Expression
Omnibus (GEO) and are accessible through GEO serial accession number GSE137307.

Analysis of 33°C Mgat4d[—/—] versus control microarrays with FDR < 0.05 and fold change +/— 1.5
gave 4 DEGs (3 up- and 1 down-regulated gene), including Mgat4d as expected. Mgat4d transcripts were not
completely lacking in Mgat4d[—/—] samples due to transcription beyond the deleted exon 4 (Supplementary
Fig. S4). However, no MGAT4D protein was detected by western analysis or immunohistochemistry (Fig. 1,
Supplementary Fig. S1 and S2B). One of the up-regulated genes, pseudogene Gm12584, maps to the locus of a
testis-specific gene, adenosine deaminase domain-containing 1 (Adad1), which encodes a nuclear RNA-binding
protein'. Upregulated Gm24265 refers to an SNRNA mapped to chromosome 5. The third up-regulated gene was
Timed6 (Transmembrane P24 Trafficking Protein 6) which is enriched in the endoplasmic reticulum and Golgi
compartments. It is notable that all the upregulated DEGs have a log fold change <1 (fold change <2), revealing
a very mild effect of Mgat4d deletion on germ cell gene expression under control conditions (Supplementary
Table S3). By contrast, analysis using the same stringency for data from heat-stressed Mgat4d[—/—] versus
control germ cells, revealed 476 DEGs in Mgat4d[—/—] germ cells with 110 genes up-regulated and 366 genes
down-regulated. The top down-regulated genes were Serpinbla (2.13 log fold change) followed by Ly96 (2.12
Log fold change) and S100-a11 (2.09 Log fold change) (Supplementary Table S4). Some of the down-regulated
genes (Serpinbla, Star, Osr2, Klk1b22, Itih2) are related to the regulation of cellular homeostasis, proliferation or
survival?*-?*. The top two up-regulated genes were non-coding Gm26715 and Gm48565 (2.04 and 1.98 log fold
change respectively), followed by Hspala and Hspalb heat shock proteins (1.81 and 1.75 log fold change, respec-
tively). Most of the up-regulated genes were non-coding or predicted genes (Supplementary Table S5). cDNA
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Figure 5. Effects of heat stress in Mgat4d transgenic testis. Quantification of heat-induced damage in testes

of Mgat4d[+/+] (n=15), Stra8-Mgat4d-L-Myc (n=8), Ldhc-Mgat4d-L-Myc (n="7), and Prm1-Mgat4d-L-Myc
(n=5) C57BL6/] males. 30 tubules were investigated per mouse in one H&E stained testis section to detect (A)
Enlarged germ cells; (B) Large vacuoles; (C) Small vacuoles, pyknotic cells; (D) Undamaged tubules. Differences
from control two- tailed, unpaired Student t-test *p < 0.05, **p < 0.01.

from the 43 °C-treated control and Mgat4d[—/—] cDNA preparations was used for qRT-PCR validation of DEGs
observed in microarray experiments (Fig. 9A,B). The relevant primer sequences are given in Supplementary
Table S6.

Enriched biological pathways in heat-stressed Mgat4d[—/—] germ cells based on Ingenuity
Pathway Analysis (IPA). To find the most significantly represented pathways differentially altered in
Mgat4d[—/—] versus Mgat4d[+/+] germ cells following heat stress, we examined the relationship between DEGs
ata £1.5 fold change with adjusted FDR < 0.05 and p < 0.05 using IPA. Interestingly, the top canonical pathways
were mostly down-regulated or with “no activity pattern available” in 43 °C-treated Mgat4d[—/—] versus con-
trol germ cells, and were related to recovery from stress conditions (Fig. 9C). Ranked by —log(p-value), the top
down-regulated pathway was Acute Phase Response Signaling (p =5.2; Z-score —2.45) followed by LXR/RXR
Activation (p =5.04; Z-score 0.707), the only pathway with a positive z-score and —log(p-value) higher than 2.
NRF2-mediated Oxidative Stress Response (p =4.98; Z-score —2.111) and Glutathione-mediated Detoxification
(p=3.37; Z-score —2) were also top pathways.

Top upstream transcriptional regulators. IPA was used to predict the top upstream transcriptional reg-
ulators in the DEGs based on their gene targets. The algorithm calculates a p-value on the basis of significant
overlap between genes in our test dataset and target genes regulated by the same regulator in the IPA knowledge
base. The activation Z score algorithm was used to make predictions. This analysis identified 323 upstream reg-
ulators with a p-value of overlap <0.05 and a Z-score greater than or equal to +/—2. Tgfb1, Tnf, Ifng, 111D related
to immune system regulation are the top inhibited upstream regulators (Supplementary Table S7). Sorting the
results by Expression Log Ratio +/—1, identified 13 differentially-expressed upstream regulators in our data set,
11 down-regulated and 2 up-regulated (Supplementary Table S7).

Most represented networks, toxicological functions, diseases and biological functions. DEGs
in germ cells from heat-treated mice were compared by IPA with genes belonging to specific biological networks
or implicated in diseases. The most highly ranked network was “DNA Replication, Recombination, and Repair,
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Figure 6. Effects of heat treatment on apoptosis in Mgat4d transgenic mice. (A) Representative images of testis
sections from 43 °C-treated Mgat4d [+/+] (n=3) and Mgat4d transgenic mice (n =4 for each) stained by

the Apoptag kit to detect DNA breaks. (B) Quantification of Apoptag signal in >100 tubules of 43 °C-treated
non-transgenic and transgenic mice. Statistical differences determined by two-tailed unpaired Student’s t-test
%p < 0.05, ***p < 0.001.

Nucleic Acid Metabolism, Small Molecule Biochemistry” with 28 focus molecules (Supplementary Table S8).
The top diseases and biological functions were related to “Organismal Survival” — 19 biological functions were
predicted to be increased with an activation Z-score between 6.131 and 2.01, mostly related to inflammation,
injury and disease (Supplementary Table S9) but a higher number of diseases or functions were predicted to be
decreased (71). The top category was “Lipid Metabolism, Small Molecule Biochemistry, Vitamin and Mineral
Metabolism” and the most represented of these were related to cellular function.

Gene set enrichment analysis (GSEA). Comparisons of DEGs at 33 °C and 43 °C with published, classi-
fied gene sets in the MSigDB was performed using GSEA?¢-%%. Of the eight categories of gene sets, the Hallmark
collection summarizes well-defined biological processes and states from v4.0 MSigDB collections C1 through
C6%. Hallmark gene sets with a Normalized Enrichment Score (NES) of +/—2, FDR < 0.25 and p < 0.05 were
examined. In Mgat4d[—/—] germ cells, only 3 Hallmark gene sets were significantly enriched at 43 °C - E2F tar-
gets, G2M checkpoint and spermatogenesis. The Hallmark Spermatogenesis gene set contains genes upregulated
during the process of spermatogenesis, indicating that loss of Mgat4d in heat-stressed germ cells leads to induc-
tion of spermatogenesis-promoting genes as a response, whereas germ cells expressing Mgat4d were compara-
tively protected from premature upregulation of these genes (Supplementary Fig. S5A, S5C). Gene sets enriched
in Mgat4d[+/+] germ cells at 43 °C were related to immune pathways signaling, inflammatory responses, apop-
tosis and hypoxia (Supplementary Fig. S5B).

Gene sets of note in other collections were: negative regulation of extrinsic apoptosis signaling (suppression of
apoptosis) by Mgat4d in the C5 collection; increased inflammatory response and TNF targets up in Mgat4d[+/+]
germ cells in the C2 collection; late ATM-dependent genes induced by radiation up in Mgat4d[+/+]; increased
induction in Mgat4d[—/—] of MYBLI target genes in spermatocytes; and genes downregulated in response to
gamma-radiation were up in Mgat4d[—/—]. We also investigated DEGs in wild type versus mutant at 43 °C versus
33°C using EnrichR*. Heat maps highlight some of the informative EnrichR gene sets and also show illustrative
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Figure 7. qRT-PCR of cDNA from testis of 33 °C- or 43 °C-treated control vs Stra8-Mgat4d-L-Myc males

of 7 months. Testes were isolated 24 hr after treatment. qRT-PCR was performed in triplicate. Relative gene
expression was normalized to Actb and Rps2. Mean &+ SEM; statistical analysis by two-tailed, unpaired Student’s
t-test; *p < 0.05, **p < 0.01, **¥p < 0.001, ***¥p < 0.0001.

gene expression differences identified (Fig. 10A,B). The overall results suggest that Mgat4d[—/—] germ cells have
a problem responding to heat shock stress, e.g. coping with hyperthermic stress through clearance of damaged
proteins (Casp8; Fig. 10B). A number of pathways and genes were induced to a lesser extent in Mgat4d[—/—]
heat-stressed mice, including Hifla, the NFxB response, pro-inflammatory pathways such as TNF and TGF3
signaling, and genes that promote proliferation such as Myc (Fig. 10B).

Discussion

In this paper we characterize the first germ cell intrinsic molecule that protects from heat stress - the Golgi gly-
coprotein MGAT4D. Other molecules that protect germ cells from heat stress have been described, but each was
overexpressed in testis under an exogenous promoter®"*>. MGAT4D maps to mouse chromosome 8 whereas
previous genetic loci linked to germ cell resistance to heat stress map to mouse chromosomes 1 and 11%. Global
deletion of the ion channel Trpv1 increases the sensitivity of germ cells to heat stress*, and this gene maps to chro-
mosome 11, albeit 5.5cM away from the heat resistant locus on chromosome 11*. However, it is not clear which
cells of the testis express Trpv1 which is most highly expressed elsewhere in dorsal root ganglia. Mgat4d is most
highly expressed in spermatocytes and spermatids® and thus well positioned to protect germ cells from heat stress.
Detailed analysis of rat MGAT4D/GL54D showed it is expressed from Pachytene to stage 16 of tubular devel-
opment*. Here we provide several pieces of evidence in support of a germ cell protective role for Mgat4d. First,
we show that an old cohort of Mgat4d[—/—] males were more sensitive to mild testicular heat stress than hete-
rozygote controls, as evidenced by increased germ cell defects and apoptosis at 24 hr after heat stress. Second, we
found that mice expressing a Mgat4d-L-Myc transgene in either spermatogonia (Stra8 promoter), spermatocytes
(Ldhc promoter) or spermatids (PrmI promoter) were less sensitive to testicular heat stress than wild type con-
trols, based on reduced germ cell defects and reduced apoptosis. Characterization of individual gene expression
changes for genes known to exhibit increased or decreased expression following heat stress, showed that males
expressing the Stra8-Mgat4d-L-Myc transgene were comparatively resistant to heat stress and, at 43 °C, behaved
similarly to non-transgenic germ cells treated at 33 °C, whereas non-transgenic males treated at 43C showed the
marked gene expression changes predicted from the literature. To investigate gene expression differences in more
depth, we performed microarray analyses on Mgat4d wild type and Mgat4d[—/—] germ cells prepared only 8 hr
after males were treated at 43 °C for 25 min, when no histological changes were apparent. Comparisons of DEGs
and bioinformatics analyses using IPA, GSEA and EnrichR revealed that Mgat4d[—/—] heat-treated germ cells

SCIENTIFIC REPORTS |

(2020) 10:2135 | https://doi.org/10.1038/s41598-020-58923-6


https://doi.org/10.1038/s41598-020-58923-6

www.nature.com/scientificreports/

>

(O]
2 1004° § °
3 . ° 3 100{ .
g 501 ° §
g\: 04 ?\2 0- )
Q -50- o . .
Al ® . |
& -100- e g -100 °
& L T Ll T Ll T T
-200-100 0 100 200 o -100 0 100 200
PC1: 33.3% variance PC1: 29.5% variance
B 12.51 _Mgatad 12.5
* Mgat4d
° o
10.0 33 °C 10.0{ | 43 °C
E g ¥ .
T%’ 75 T%’ 75
Q Q
2 50 2 50
[@)] . [e))
9 e
" 25 " 25
0.0 0.0

-2 -1 0 1 2

log, fold—change

=

€7 §'9 OM

€€ ¥'8 OM
€8 2'8 oM
€€ €8 OM
€V 99 OM
e €% OM
ey v OM
v vy OM

€€ 88 IM
€€ 98 IM
€€ L8 1M
ey 1'9 IM
e €9 IM

€€ 6’8 IM

v L'y 1M

Genotype
o WT

e KO

log, fold—change

Condition
Genotype

WT 8.5 33
WT 8.8 33
WT_8.6_33
WT_8.7_33
KO_8.4 33
KO_8.2 33
KO_8.3_33
KO_6.6_43
KO_4.3 43
KO_4.2 43
KO 6.5 43
KO_4.4 43
WT_6.1_43
WT_6.3_43
WT_4.1_43

—_

0.995

0.99

0.985

Pearson correlation

Genotype
BwT
B KO

Condition
[133°C
[43°C

Figure 8. Microarray analysis of germ cell cDNA. Two month C57BL/6] males were treated at 33 °C or

43°C for 25 min and germ cells were harvested 8 hr after recovery. (A) Principal component analysis (PCA)

for 33 °C-treated Mgat4d[+/+] (n=4) and Mgat4d[—/—] (n=3) arrays and 43 °C-treated Mgat4d[+/+]

(n=3) and Mgat4d[—/—] (n=>5) samples. (B) Volcano plots showing the distribution of DEGs based on their
expressed log, fold-change and —log,, p value. Red dots represent genes with a log, fold-change lower than
—0.6 or higher than 0.6 (equivalent to 4-/—1.5 fold-change) and a p value below the threshold of 0.05 (—log10
(0.05) = 1.3). (C) Correlation analysis of microarray chip data of wild type (WT) and Mgat4d[—/—] (KO) germ

cells at 33°C and 43 °C.

SCIENTIFIC REPORTS |

(2020) 10:2135 | https://doi.org/10.1038/s41598-020-58923-6


https://doi.org/10.1038/s41598-020-58923-6

www.nature.com/scientificreports/

A 107 Up-regulated genes B 157 Down-regulated genes
H
c
s sl [ 5
g,-\ ¥ ~ 83
o R * ] 9*61.0-
a3l 61 ° S a<
o 5 o .
I o
LAJ,%‘. : x o @
e 41 : . 2 . 3 .
gL N T = 0.54 : . E:
T b 2 o Inr
o 247 S o AR : .
H
H
H
rﬂ I o !
d NN P S g RN
@O N Jg & X
&P N SEES & R (\,[;\‘7/ G Ry & @ N 6&“ «
c & o (P F & P & & ocontol amgaray O &
&
0.30
o 0.25
-
3 020
S 015 B
g 4
3 0.10
i I 005
o 0.00
O & S SQodco So S 0> 25§22 2 20 > 20 > 0P S Q@ T Door~so~ O O 2 IS
£ 8885883555888 §68 88 887 £8P 55858859 §£8¢
g T IITIFTLLEI0E $§855 & 26 &6 25858 o5s°378&2ee?
S 5§ SSFFFE0SIZET 539 6 S5 F o F §958 90 & 2885555995853
b L STOLESA TREIL LD & & L 6 L G685 & § 6§59 & & 965 <
2 ¢ L2793 L5253 22808 o § Q 2 £ 5 2%F 5 Ko08d 588 x o0 2%%
£ S 955858855885 s528S8S §5 8585 S s558x838558 ¢
S & §s558 U S N 3 S S T S S 0 & S wSw & ~ T
S X 585585 asasss 398 S £ § o F &% § § 68 §520 S &
s & Q0% S"9E8D £33 F S 5 § Og § O 552 5 Q £
$ £ 5§ &£ § £§5 £& s 9 L o § 9 ot L 5 § & ° 8 ~ T
¢ I T 355 &L SIS 5§82 § 7 8 L 25 gf £ & £ &
-~ N ¢} oy T 5 ES S 3 g7 S ®
g g & ° ¢ s28 £S5 o S &g &8 7L S s S L& 5 &
g o5 2 £ %5 = 5 g £ & ISP s F &5 ¢« IS
& Q Q 5 < ~ T @£ S Q
g B < o
g e & s
< f 15

@ Positive Z-score Ml Negative Z-score [] Z-score =0 [ No activity pattern available - Ratio

Figure 9. Validation and Ingenuity Pathway analysis (IPA). (A) qRT-PCR validation of up-regulated genes in
control (n=3) and Mgat4d[—/—] (n=4) cDNA samples from the same mice used for microarray analyses. (B)
qRT-PCR of down-regulated genes in the same samples. Relative expression was determined using Actb and
Rps2. Assays were performed in triplicate. Error bars represent mean 4 SEM; statistical analysis by two-tailed,
unpaired Student’s t-test *p < 0.05, *¥p < 0.01, **¥p < 0.001. (C) Top canonical pathways in IPA significantly
overrepresented in heat-treated Mgat4d[—/—] germ cells compared to wild type, normalized to their respective
33°C counterparts, according to —log p value.

responded initially to heat stress, but did not sustain that response like wild type, heat-treated germ cells. Thus,
Mgat4d[—/—] germ cells were less protected by autophagy or signaling pathways of inflammatory and prolifera-
tive responses. In addition, heat-treated Mgat4d[—/—] germ cells upregulated spermatogenic and spermiogenic
genes to a greater extent than controls, indicative of the loss of a regulator of spermatogenesis - MGAT4D in this
case. We previously showed that loss of MGAT1 in germ cells gave a similar upregulation of genes that promote
spermatogenesis or spermiogenesis®.

A key question for the future is to determine how MGAT4D protects against heat shock in male germ cells.
Interestingly, Mgat4d transcripts are markedly reduced by the 43 °C treatment and yet if MGAT4D is not present,
germ cells are more sensitive to heat treatment, and if a Mgat4d transgene is present, germ cells are comparatively
protected. Thus, the presence of MGAT4D, which may persist in wild type germ cells after Mgat4d transcripts
are reduced by heat stress, appears to facilitate the sustained heat stress response observed in wild type germ
cells. How this is accomplished by a type II transmembrane Golgi glycoprotein may be related to the effects of
Golgi glycosyltransferases on Golgi fragmentation. Some Golgi glycosyltransferases of the medial and trans Golgi
compartments have been shown to facilitate Golgi fragmentation after heat shock®*. For example, the mucin
O-glycan GIctNAcT CGNT3 promotes Golgi fragmentation following heat shock by interacting with myosin IIA
via its cytoplasmic tail®**. MGAT4D is the most abundant protein in rat Golgi of male germ cells* and its loss after
heat shock may protect the Golgi from fragmentation and protect Golgi glycosyltransferases and other Golgi
residents, including molecules that protect from inflammation and autophagy and that promote proliferation and
survival, from degradation by the proteasome?®.

We previously published data on the expression of the MGAT4D gene in men with infertility problems?. The
expression pattern followed closely the proportion of different germ cells present in the disease state. For example,
men with Sertoli Cell Only syndrome have very low levels of MGAT4D expression. However, to date, we are not
aware of any MGAT4D mutation that affects fertility in men. A recent in-depth review of genes affected in male
fertility does not report any mutations in MGAT4D?. In mice, we cannot rule out a subtle effect on fertility of
knocking out the Mgat4d gene because fertility was not formally tested in our study. However, the frequency of
litter production and litter sizes of Mgat4d[—/—] males over several years, did not indicate a reduction in fertility.

Materials and Methods

Mice. Mice carrying a conditional Mgat4d allele were generated from JM8A3.N1 ES cells carrying the target-
ing construct (Fig. 1) that were obtained from KOMP (project CSD79367). Targeted ES cells were injected into
C57BL/6] blastocysts by the Gene Targeting Facility of the Albert Einstein College of Medicine. Chimeras were
crossed to C57BL/6] mice and then to the FVB/NJ Stra8-iCre mice from Jackson Labs (Bar Harbor, Maine) Tg
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Figure 10. Differential gene interactions between Mgat4d genotype and heat shock conditions. (A) Heat
maps showing DEGs either down- or up-regulated specifically in Mgat4d wild type, but not Mgat4d KO

cells following heat shock, representative of significantly enriched pathways identified by EnrichR (http://
amp.pharm.mssm.edu/Enrichr/). Adjusted p values and odds ratios (OR) for the respective pathways are
shown. Full names of the pathways are: Single Gene Perturbations from GEO: 1110 KO mouse GSE25846
sample 3062; ARCHS4 TFs Coexp: HIF1A_human_tf_ARCHS4_coexpression; TRRUST Transcription
Factors 2019: NFKB1_ human; Disease Perturbations from GEO up: Infertility due to azoospermia C1321542
mouse GSE3676 sample 151. Color scales represent gene-wise Z-scores. (B). Box plots showing expression of
representative genes of the indicated pathways across genotypes and heat shock conditions. These genes were
much more up-regulated by heat treatment in WT compared to mutant (KO) germ cells.

(Stra8-icre)1Reb/J (Stock no. 008208 | Stra8-iCre) to generate Mgat4d deleted mice carrying LacZ/Neo (Mgat4d-
LacZ/Neo) or to Flp1-Cre mice B6.12954-Gt(ROSA)26Sor™!FLPUDymRain] (Stock no. 009086 ROSA26:FLPe
knock-in) to obtain mice carrying a conditional Mgat4d allele with loxP sites flanking exon 4 (Mgat4d[F/F]).
The latter mice were crossed to mice carrying a Stra8-iCre transgene to generate conditional inactivation in sper-
matogonia to investigate spermatogenesis and fertility in males, or to generate mice with a whole body inactiva-
tion of Mgat4d. Transgenic mice used in this study were generated in Albert Einstein College of Medicine by the
Transgenic Mouse Facility of the Albert Einstein College of Medicine on a C57BL/6] background. Two founders
were characterized for each transgenic line. The constructs used are shown in Fig. 4. C57BL/6] and FVB/NJ mice
were purchased from Jackson Laboratories (Stock No: 000664 and Stock No: 001800 respectively) and used for
breeding. All mice carrying a transgene were kept as heterozygotes by crossing +/Tg with homozygote wild-type
(4/+) mice. Mice were sacrificed by carbon dioxide asphyxiation followed by cervical dislocation. Testes were
dissected free of surrounding tissue and weighed. The Institutional Animal Care and Use Committee (IACUC) of
the Albert Einstein College of Medicine reviewed and approved the animal experiments reported herein under
protocol nos. 20080813, 20110803, 20140803 and 20170709 to PS. The experiments reported herein were per-
formed in accordance with the relevant guidelines and regulations of the Einstein IACUC.

Antibodies. Anti-MGAT4D C-terminus pAb (Genemed, Torrance, CA) was obtained from a MGAT4D
C-terminus peptide conjugate CGTQSSFPGREQHLKDNYY injected into rabbits. Anti-MGAT4D N-terminus
pAb (Covance, Denver, PA; Genemed, Torrance, CA) was obtained with a MGAT4D-L N-terminal peptide con-
jugate GESVGDLRTVATAPWEGEQARGYV injected into rabbits. Both pAbs were affinity purified on respective
peptide columns. Anti-Myc mouse mAb 9E10 was from Covance (Denver, PA). Biotinylated anti-rabbit second-
ary antibody (cat. no. BA-1000) was from Vector Laboratories, Burlingame, CA.

SCIENTIFIC REPORTS |

(2020) 10:2135 | https://doi.org/10.1038/s41598-020-58923-6


https://doi.org/10.1038/s41598-020-58923-6
http://amp.pharm.mssm.edu/Enrichr/
http://amp.pharm.mssm.edu/Enrichr/

www.nature.com/scientificreports/

Immunohistochemistry. Testes were fixed in Bouin’s fixative (#100503-962, Electron Microscopic
Sciences, Radnor, PA) for 48 hr at room temperature (RT) then processed and paraffin-embedded by the Einstein
Histology and Comparative Pathology Facility. Serial sections (5-6 pm) were collected on positively-charged
slides. Immunohistochemistry was performed following the “IHC staining protocol for paraffin-embedded
sections” from Abcam (http://www.abcam.com/protocols/). Briefly, testis sections were deparaffinized using
Histo-Clear reagent Cat no. HS-200 (National Diagnostics, Atlanta, GA). We performed a heat-induced epitope
retrieval with citrate buffer (10 mM sodium citrate, 0.05% Tween 20, pH 6.0) at 100 °C for 20 min followed by
20 min period at room temperature in the same buffer. The tissue was permeabilized with 0.1% Triton X-100 in
Tris-buffered saline (TBS) for 10 min and blocked for 1 hr at room temperature with 10% normal serum (from the
same species as secondary antibody) and 1% BSA in TBS. The primary antibody was diluted in TBS with 1% BSA
and incubated overnight at 4 °C (unless otherwise indicated). Endogenous peroxidase was quenched by incubat-
ing slides in 1.5% H,0O, in TBS for 10 min and rinsed before incubation with the biotinylated secondary antibody
diluted in TBS containing 1% BSA, for 1hr at room temperature. The samples were washed and Vectastain®
ABC-HRP reagent (cat no. PK-6100, Vector laboratories, Inc.) was added and incubated at room temperature for
30min. After rinsing, peroxidase substrate 3, 3’diaminobenzidine (DAB) (Vector laboratories, Cat# SK-4100) was
used to detect the antibody, following the manufacturer protocol. The tissue was counter-stained with Mayer’s
Hematoxylin solution (cat no. MHS16-500 ML, Sigma-Aldrich). The specimens were dehydrated with histo-clear
and mounted using Permount® reagent (cat no. SP15-100, Fisher Scientific, Fair Lawn, NJ). Testis section images
were produced using 3DHistec Panoramic 250 Flash II slide scanner obtained with the Shared instrumenta-
tion Grant SIG# 1S100D019961-01 to the Analytical Imaging Facility (AIF) of the Albert Einstein College of
Medicine.

Western-blot analysis. Testis tissue lysates were prepared using RIPA Lysis Buffer (cat no. 20188,
Millipore, Temecula, CA) and following the protocol “Preparation of lysate from tissues” from Abcam with mod-
ifications. Briefly, the testis tissue was homogenized in 1X RIPA, 01% SDS, 1X protease inhibitor cocktail (cat no.
05892791001, Roche Diagnostics GmbH, Mannheim, Germany) at a ratio of 0.5 ml buffer for 0.05 g of tissue. The
lysate was incubated with constant agitation (orbital shaker) at 4 °C for 2 hr and then centrifugated for 20 min at
12000 rpm at 4 °C. The supernatant was transferred to a fresh tube and supplemented with 100% glycerol to a
final concentration of 20% glycerol. Protein yield was measured using Bradford based colorimetric assay, (cat no.
500-0006, Bio-Rad Protein assay, Bio-Rad, Hercules, CA). Isolated germ cells were lysed in buffer containing 1%
IGEPAL, 1%TX-100, 0.5% Deoxycholate and 1X protease inhibitor cocktail in water. Briefly, 100 ul of lysis buffer
was used to homogenize 107 cells. The lysate was incubated for 30 min on ice, then centrifugated 5 minutes at 5000
g. The supernatant was transferred to a fresh tube and supplemented with 100% glycerol to a final concentration
of 20% glycerol. Protein levels were measured using the Bradford-based colorimetric assay. All samples were
stored at —80°C.

Apoptosis assay. Apoptosis induced DNA damage was measured using the ApopTag® Peroxidase In
Situ Apoptosis Detection Kit (S7100, EMD Millipore, Temecula, CA) following the manufacturer’s protocol
for paraffin-embedded tissue. Testis sections were deparaffinized using Histo-Clear reagent (HS-200, National
Diagnostics, Atlanta, GA). Stained slides were scanned using a Perkin Elmer P250 high capacity slide scanner and
images were analyzed using FIJI software to count foci*®.

Germ cellsisolation. Male germ cells were purified from testis following a modified protocol**-*!. Mice were
sacrificed by CO, asphyxiation followed by cervical dislocation and both testes were collected in 2 ml DMEM:
F12 medium (11330-032, Gibco, Grand Island, NY) on ice. The tunica albuginea was removed and tubules were
transferred to 10 ml enzyme solution I (0.5 mg/ml collagenase Type I (C0130-1G, Sigma), 200 ug/ml DNase
I (DN25-100mg, Sigma) in F12 medium), briefly vortexed and incubated 30 min at 33 °C in a shaking water
bath (100 oscillations/min). Every 10 min an additional manual shaking was done to help tissue dissociation.
The dispersed seminiferous tubules were allowed to sediment and the supernatant was discarded. Tubules were
washed with 10 ml fresh F12 medium and resuspended in fresh F12 medium. The mixture was layered on 40 ml
of 5% Percoll (17-0891-02, GE Healthcare Bio-sciences AB, Uppsala, Sweden) in HBSS (55-022-PB, Mediatech,
Inc. Manassas, VA) and allowed to settle for 20 min at room temperature. The top 45 ml containing Leydig cells
was discarded and the remaining 5ml were transferred to a new tube containing 10 ml of enzyme solution II
(200 pg/ml DNase I, 1 mg/ml trypsin (T4799-5G, Sigma-Aldrich, St Louis, MO) in F12 medium). The mixture
was incubated for 40 min at 33 °C in a shaking water bath (100 oscillations/min) and every 10 min, manual shak-
ing. After tissue dissociation, 3 ml charcoal-stripped FBS were added and cells were resuspended using a 10 ml
pipette to dissociate clumps. The suspension was filtered sequentially through a 70 pm (352350, Falcon Corning
Incorporated, Corning, NY) then 40 um (352340) nylon cell strainer and centrifugated at 500 g for 10 min at 4°C.
The cell pellet was resuspended in 1 ml PBS (calcium and magnesium free) and counted. Cells were stored as a dry
pellet at —80°C and used for protein or RNA extraction.

RNA isolation and RT-PCR. Testes or isolated germ cells were homogenized in TRIZOL reagent (15596018,
Invitrogen) following the manufacturer’s protocol for tissue or cell pellet, respectively. The isolated total RNA was
dissolved in RNase-free water, an aliquot (2 ul) was used to measure nucleic acid concentration and the remainder
was immediately stored at —80°C. Total RNA (3 ug) was used to synthesize cDNA (75 ul final volume) with the
Verso cDNA Synthesis Kit (AB-1453/A, Appliedbiosystems, Thermo scientific Baltics UAB, Vilnius, Lithuania)
following the manufacturer’s protocol. cDNA was tested for genomic DNA contamination using end-point PCR
with Actb primers flanking an exon and intron sequence (Supplementary Table S6).
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Quantitative PCR (QRT-PCR). cDNA obtained as described above was used to perform real time PCR.
PowerUp™ SYBR™ Green Master Mix (A25742, Applied Biosystems, Thermo Scientific Baltics UAB, Vilnius,
Lithuania) was mixed with each sample to a primer final concentration of 150 nm, following the manufacturer’s
protocol and run on a master cycler (ViiA 7, Thermo Fisher). PCR conditions were 95 °C for 30 sec, followed by
40 cycles at 95°C for 15 sec, 60 °C for 15sec and 72 °C for 20 sec. Unless otherwise stated, gene expression relative
to Actb and Rps2 was calculated by the log294°T method*2.

Histological analysis. Hematoxylin and eosin (H&E) counter stained testis sections were analyzed by light
microscopy (Zeiss Axiovert 200M, Gottingen, GERMANY) or scanned using a Perkin Elmer P250 high capacity
slide scanner and processed using the proprietary software CaseViewer (3D Histech P250 high capacity slide
scanner, Perkin Elmer, Waltham, MA).

Mild heat stress treatment. This protocol was adapted from!>*3#. Briefly, an adult male mouse was anaes-
thetized in an isoflurane chamber with a constant oxygen flow of 2 L/min and 3% isoflurane for 1 min followed by
2.5% isoflurane for 3 min. The mouse was quickly removed from the chamber and its nose was introduced into a
nose cone with the same anaesthesia parameters for another 1 min. Testes were secured in the scrotum by manual
massage and one third of the body (hind legs, tail and scrotum) was immersed in a 43 °C or 33 °C (control) water
bath, supported by a plastic tube for 25 min. During the experiment, the isoflurane flow was reduced every 10 min
by 0.5% to reach 1.5% at the end of the treatment (2.5% for 5 min after introduction into the water bath, then 2%
for 10 min and followed by 1.5% for another 10 min). After the heat treatment, mice were dried on paper towel,
allowed to recover in a chamber with oxygen flow at 2 L/min and 0% isoflurane for 5 to 10 min, then returned to
a cage to recover from the effects of anaesthesia on a heating pad. Testes and epididymis were harvested 8 hr or
24 hr after treatment.

Microarray. Germ cell RNA (150 ng, RIN >7.9) was provided to the Genomics Core Facility of the Albert

Einstein College of Medicine for conversion to cDNA, labeling and hybridization to a mouse Affymetrix
Clariom™ D array previously known as GeneChip™ Mouse Transcriptome Array 1.0 (Affymetrix, Santa Clara,
CA). Raw intensity data (.CEL files) were mapped to genes using custom CDF files (clariomdmousemmgenco-
degcdf from http://brainarray.mbni.med.umich.edu/Brainarray/Database/CustomCDF/genomic_curated_CDFE.
asp), and rma-normalized using the R/Bioconductor package affy*’. Differential gene expression was modeled
using limma*®. Genes with Benjamini-Hochberg-adjusted p-values < 0.05 and fold-change >1.5 or <—1.5 were
defined as differentially expressed genes (DEGs).

Gene set enrichment analysis and ingenuity pathway analysis. Gene set enrichment analysis
(GSEA)?"?® was performed to determine enrichment of gene sets from the curated (C2), GO (C5), and onco-
genic signatures (C6) and Hallmark collections. Gene list enrichment analysis was performed using EnrichR*
and Ingenuity Pathway Analysis IPA (www.qiagen.com/ingenuity, QIAGEN, Redwood City, CA) for genes with
fold-change + 1.5, p < 0.05 and False discovery rate p < 0.05.

Statistical analysis. The bar graphs in all figures represent the mean 4+ SEM. Unpaired, two-tailed Student’s
t test or one way ANOVA was used to calculate p-value using Graph Pad Prism 7.0 (Graph Pad Software Inc., La
Jolla, CA). Statistical significance was indicated by *p < 0.05, **p < 0.01, ***p < 0.001 or ****p < 0.0001.

Data availability

The data generated and/or analysed for the current study are available from the corresponding author on
reasonable request. Microarray data are deposited in NCBI's Gene Expression Omnibus (GEO) and are accessible
through GEO serial accession number GSE137307.

Received: 21 November 2019; Accepted: 17 January 2020;
Published online: 07 February 2020

References

1. Huang, H. H. & Stanley, P. A testis-specific regulator of complex and hybrid N-glycan synthesis. J. Cell Biol. 190, 893-910, https://
doi.org/10.1083/jcb.201004102 (2010).

2. Wu, C. et al. BioGPS: an extensible and customizable portal for querying and organizing gene annotation resources. Genome Biol.
10, R130, https://doi.org/10.1186/gb-2009-10-11-r130 (2009).

3. Huang, H. H. et al. GnT1IP-L specifically inhibits MGAT1 in the Golgi via its luminal domain. Elife 4, https://doi.org/10.7554/
eLife.08916 (2015).

4. Au, C.E. et al. Expression, sorting, and segregation of Golgi proteins during germ cell differentiation in the testis. Mol. Biol. Cell 26,
4015-4032, https://doi.org/10.1091/mbc.E14-12-1632 (2015).

5. Batista, E, Lu, L., Williams, S. A. & Stanley, P. Complex N-glycans are essential, but core 1 and 2 mucin O-glycans, O-fucose glycans,
and NOTCHI1 are dispensable, for mammalian spermatogenesis. Biol. Reprod. 86, 179, https://doi.org/10.1095/
biolreprod.111.098103 (2012).

6. Biswas, B., Batista, E, Sundaram, S. & Stanley, P. MGAT1 and Complex N-Glycans Regulate ERK Signaling During Spermatogenesis.
Sci. Rep. 8, 2022, https://doi.org/10.1038/s41598-018-20465-3 (2018).

7. Sadate-Ngatchou, P. L, Payne, C. ], Dearth, A. T. & Braun, R. E. Cre recombinase activity specific to postnatal, premeiotic male germ
cells in transgenic mice. Genes. 46, 738-742, https://doi.org/10.1002/dvg.20437 (2008).

8. Farley, E W,, Soriano, P, Steffen, L. S. & Dymecki, S. M. Widespread recombinase expression using FLPeR (flipper) mice. Genes. 28,
106-110 (2000).

9. Mkhikian, H. et al. Genetics and the environment converge to dysregulate N-glycosylation in multiple sclerosis. Nat. Commun. 2,
334, https://doi.org/10.1038/ncomms1333 (2011).

10. Moreno, R., Lagos-Cabré, R., Bunay, J., Urzta, N. & Bustamante Marin, X. 127-155 (2012).

SCIENTIFIC REPORTS |

(2020) 10:2135 | https://doi.org/10.1038/s41598-020-58923-6


https://doi.org/10.1038/s41598-020-58923-6
http://brainarray.mbni.med.umich.edu/Brainarray/Database/CustomCDF/genomic_curated_CDF.asp
http://brainarray.mbni.med.umich.edu/Brainarray/Database/CustomCDF/genomic_curated_CDF.asp
http://www.qiagen.com/ingenuity
https://doi.org/10.1083/jcb.201004102
https://doi.org/10.1083/jcb.201004102
https://doi.org/10.1186/gb-2009-10-11-r130
https://doi.org/10.7554/eLife.08916
https://doi.org/10.7554/eLife.08916
https://doi.org/10.1091/mbc.E14-12-1632
https://doi.org/10.1095/biolreprod.111.098103
https://doi.org/10.1095/biolreprod.111.098103
https://doi.org/10.1038/s41598-018-20465-3
https://doi.org/10.1002/dvg.20437
https://doi.org/10.1038/ncomms1333

www.nature.com/scientificreports/

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Durairajanayagam, D., Agarwal, A. & Ong, C. Causes, effects and molecular mechanisms of testicular heat stress. Reprod.
BioMedicine Online 30, 14-27, https://doi.org/10.1016/j.rbmo.2014.09.018 (2015).

Li, Y. S. et al. Preventive effect of tert-butylhydroquinone on scrotal heat-induced damage in mouse testes. Genet. Mol. research:
GMR 12, 5433-5441, https://doi.org/10.4238/2013.November.11.5 (2013).

Paul, C., Teng, S. & Saunders, P. T. A single, mild, transient scrotal heat stress causes hypoxia and oxidative stress in mouse testes,
which induces germ cell death. Biol. Reprod. 80, 913-919, https://doi.org/10.1095/biolreprod.108.071779 (2009).

Li, Y. et al. Differential gene expression in the testes of different murine strains under normal and hyperthermic conditions. J. Androl.
30, 325-337, https://doi.org/10.2164/jandrol.108.005934 (2009).

Li, S., Zhou, W., Doglio, L. & Goldberg, E. Transgenic mice demonstrate a testis-specific promoter for lactate dehydrogenase, LDHC.
J. Biol. Chem. 273, 31191-31194, https://doi.org/10.1074/jbc.273.47.31191 (1998).

Tang, H., Kung, A. & Goldberg, E. Regulation of murine lactate dehydrogenase C (Ldhc) gene expression. Biol. Reprod. 78, 455-461,
https://doi.org/10.1095/biolreprod.107.064964 (2008).

O'Gorman, S., Dagenais, N. A., Qian, M. & Marchuk, Y. Protamine-Cre recombinase transgenes efficiently recombine target
sequences in the male germ line of mice, but not in embryonic stem cells. Proc. Natl Acad. Sci. USA 94, 14602-14607, https://doi.
org/10.1073/pnas.94.26.14602 (1997).

Kus-Liskiewicz, M. et al. Impact of heat shock transcription factor 1 on global gene expression profiles in cells which induce either
cytoprotective or pro-apoptotic response following hyperthermia. BMC Genomics, 14, 456, https://doi.org/10.1186/1471-2164-14-456
(2013).

Gaudet, P, Livstone, M. S., Lewis, S. E. & Thomas, P. D. Phylogenetic-based propagation of functional annotations within the Gene
Ontology consortium. Brief. Bioinforma. 12, 449-462, https://doi.org/10.1093/bib/bbr042 (2011).

Anuka, E. et al. Infarct-induced steroidogenic acute regulatory protein: a survival role in cardiac fibroblasts. Mol. Endocrinol. 27,
1502-1517, https://doi.org/10.1210/me.2013-1006 (2013).

Fahnestock, M. et al. beta-NGF-endopeptidase: structure and activity of a kallikrein encoded by the gene mGK-22. Biochem. 30,
3443-3450, https://doi.org/10.1021/bi00228a014 (1991).

Lan, Y,, Kingsley, P. D., Cho, E. S. & Jiang, R. Osr2, a new mouse gene related to Drosophila odd-skipped, exhibits dynamic
expression patterns during craniofacial, limb, and kidney development. Mechanisms Dev. 107, 175-179 (2001).

El Ouaamari, A. et al. SerpinB1 Promotes Pancreatic beta Cell Proliferation. Cell Metab. 23, 194-205, https://doi.org/10.1016/j.
cmet.2015.12.001 (2016).

Benarafa, C. The SerpinB1 knockout mouse a model for studying neutrophil protease regulation in homeostasis and inflammation.
Methods Enzymol. 499, 135-148, https://doi.org/10.1016/b978-0-12-386471-0.00007-9 (2011).

Tanaka, K. ef al. Spermatogonia-dependent expression of testicular genes in mice. Developmental Biol. 246, 466-479, https://doi.
org/10.1006/dbi0.2002.0671 (2002).

Liberzon, A. et al. Molecular signatures database (MSigDB) 3.0. Bioinforma. 27, 1739-1740, https://doi.org/10.1093/bioinformatics/
btr260 (2011).

Mootha, V. K. et al. PGC-1alpha-responsive genes involved in oxidative phosphorylation are coordinately downregulated in human
diabetes. Nat. Genet. 34, 267-273, https://doi.org/10.1038/ng1180 (2003).

Subramanian, A. et al. Gene set enrichment analysis: a knowledge-based approach for interpreting genome-wide expression profiles.
Proc. Natl Acad. Sci. USA 102, 15545-15550, https://doi.org/10.1073/pnas.0506580102 (2005).

Liberzon, A. et al. The Molecular Signatures Database (MSigDB) hallmark gene set collection. Cell Syst. 1, 417-425, https://doi.
org/10.1016/j.cels.2015.12.004 (2015).

Chen, E. Y. et al. Enrichr: interactive and collaborative HTML5 gene list enrichment analysis tool. BMC Bioinforma. 14, 128, https://
doi.org/10.1186/1471-2105-14-128 (2013).

Hirai, K. et al. HST-1/FGF-4 protects male germ cells from apoptosis under heat-stress condition. Exp. Cell Res. 294, 77-85, https://
doi.org/10.1016/j.yexcr.2003.11.012 (2004).

Rasoulpour, R. ], Schoenfeld, H. A., Gray, D. A. & Boekelheide, K. Expression of a K48R mutant ubiquitin protects mouse testis
from cryptorchid injury and aging. Am. J. Pathol. 163, 2595-2603, https://doi.org/10.1016/S0002-9440(10)63614-0 (2003).
Chihara, M. et al. Genetic factors derived from the MRL/Mp] mouse function to maintain the integrity of spermatogenesis after heat
exposure. Androl. 3,991-999, https://doi.org/10.1111/andr.12082 (2015).

Mizrak, S. C. & van Dissel-Emiliani, F. M. Transient receptor potential vanilloid receptor-1 confers heat resistance to male germ
cells. Fertil. Steril. 90, 1290-1293, https://doi.org/10.1016/j.fertnstert.2007.10.081 (2008).

Petrosyan, A. & Cheng, P. W. A non-enzymatic function of Golgi glycosyltransferases: mediation of Golgi fragmentation by
interaction with non-muscle myosin IIA. Glycobiol. 23, 690-708, https://doi.org/10.1093/glycob/cwt009 (2013).

Petrosyan, A. & Cheng, P. W. Golgi fragmentation induced by heat shock or inhibition of heat shock proteins is mediated by non-
muscle myosin IIA via its interaction with glycosyltransferases. Cell Stress. Chaperones 19, 241-254, https://doi.org/10.1007/s12192-
013-0450-y (2014).

Oud, M. S. et al. A systematic review and standardized clinical validity assessment of male infertility genes. Hum. Reprod. 34,
932-941, https://doi.org/10.1093/humrep/dez022 (2019).

Schindelin, J. et al. Fiji: an open-source platform for biological-image analysis. Nat. Methods 9, 676682, https://doi.org/10.1038/
nmeth.2019 (2012).

Chang, Y.-E, Lee-Chang, J. S., Panneerdoss, S., MacLean, J. A. 2nd & Rao, M. K. Isolation of Sertoli, Leydig, and spermatogenic cells
from the mouse testis. Biotechniques 51, 341-344, https://doi.org/10.2144/000113764 (2011).

Romrell, L. ], Bellvé, A. R. & Fawcett, D. W. Separation of mouse spermatogenic cells by sedimentation velocity: A morphological
characterization. Developmental Biol. 49, 119-131, https://doi.org/10.1016/0012-1606(76)90262-1 (1976).

Abou-Haila, A. & Tulsiani, D. R. Acid Glycohydrolases in Rat Spermatocytes, Spermatids and Spermatozoa: Enzyme Activities,
Biosynthesis and Immunolocalization. Biol. Proced. online 3, 35-42, https://doi.org/10.1251/bpo21 (2001).

Vandesompele, J. et al. Accurate normalization of real-time quantitative RT-PCR data by geometric averaging of multiple internal
control genes. Genome Biol 3, RESEARCH0034-RESEARCH0034, https://doi.org/10.1186/gb-2002-3-7-research0034 (2002).
Rockett, J. C. et al. Effects of hyperthermia on spermatogenesis, apoptosis, gene expression, and fertility in adult male mice. Biol.
Reprod. 65, 229-239, https://doi.org/10.1095/biolreprod65.1.229 (2001).

Yin, Y. et al. Nuclear export factor 3 is involved in regulating the expression of TGF-beta3 in an mRNA export activity-independent
manner in mouse Sertoli cells. Biochemical J. 452, 67-78, https://doi.org/10.1042/bj20121006 (2013).

Gautier, L., Cope, L., Bolstad, B. M. & Irizarry, R. A. affy-analysis of Affymetrix GeneChip data at the probe level. Bioinforma. 20,
307-315, https://doi.org/10.1093/bioinformatics/btg405 (2004).

Ritchie, M. E. et al. limma powers differential expression analyses for RNA-sequencing and microarray studies. Nucleic acids Res. 43,
e47, https://doi.org/10.1093/nar/gkv007 (2015).

Acknowledgements

We thank Frederic Bard for helpful comments on the manuscript, and the Histopathology Core, the Flow
Cytometry core, the Transgenic Mouse and Gene Targeting Facilities and the Analytical Imaging Core of the
Albert Einstein College of Medicine, who performed core services supported by Albert Einstein Cancer Center

SCIENTIFICREPORTS|  (2020) 10:2135 | https://doi.org/10.1038/s41598-020-58923-6


https://doi.org/10.1038/s41598-020-58923-6
https://doi.org/10.1016/j.rbmo.2014.09.018
https://doi.org/10.4238/2013.November.11.5
https://doi.org/10.1095/biolreprod.108.071779
https://doi.org/10.2164/jandrol.108.005934
https://doi.org/10.1074/jbc.273.47.31191
https://doi.org/10.1095/biolreprod.107.064964
https://doi.org/10.1073/pnas.94.26.14602
https://doi.org/10.1073/pnas.94.26.14602
https://doi.org/10.1186/1471-2164-14-456
https://doi.org/10.1093/bib/bbr042
https://doi.org/10.1210/me.2013-1006
https://doi.org/10.1021/bi00228a014
https://doi.org/10.1016/j.cmet.2015.12.001
https://doi.org/10.1016/j.cmet.2015.12.001
https://doi.org/10.1016/b978-0-12-386471-0.00007-9
https://doi.org/10.1006/dbio.2002.0671
https://doi.org/10.1006/dbio.2002.0671
https://doi.org/10.1093/bioinformatics/btr260
https://doi.org/10.1093/bioinformatics/btr260
https://doi.org/10.1038/ng1180
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1016/j.cels.2015.12.004
https://doi.org/10.1016/j.cels.2015.12.004
https://doi.org/10.1186/1471-2105-14-128
https://doi.org/10.1186/1471-2105-14-128
https://doi.org/10.1016/j.yexcr.2003.11.012
https://doi.org/10.1016/j.yexcr.2003.11.012
https://doi.org/10.1016/S0002-9440(10)63614-0
https://doi.org/10.1111/andr.12082
https://doi.org/10.1016/j.fertnstert.2007.10.081
https://doi.org/10.1093/glycob/cwt009
https://doi.org/10.1007/s12192-013-0450-y
https://doi.org/10.1007/s12192-013-0450-y
https://doi.org/10.1093/humrep/dez022
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.2144/000113764
https://doi.org/10.1016/0012-1606(76)90262-1
https://doi.org/10.1251/bpo21
https://doi.org/10.1186/gb-2002-3-7-research0034
https://doi.org/10.1095/biolreprod65.1.229
https://doi.org/10.1042/bj20121006
https://doi.org/10.1093/bioinformatics/btg405
https://doi.org/10.1093/nar/gkv007

www.nature.com/scientificreports/

grant P01 13330. Funder, Grant reference number, Author: National Institute of General Medical Sciences, RO1
GM105399, Pamela Stanley. Mizutani Foundation, Not applicable, Pamela Stanley. National Cancer Institute,
PO1 13330, David Goldman. The funders had no role in study design, data collection or interpretation, or the
decision to submit the work for publication.

Author contributions

A.A. performed all experiments on transgenic mice, all microarray and validation experiments, data curation,
bioinformatics analyses, and co-wrote the manuscript; M.L. characterized the original cohort of Mgat4d control
and K.O. mice and transgenic mice, performed heat shock experiments and analyses on the old cohort and edited
the paper; B.B. performed bioinformatics analyses and interpretation and edited the paper; EB. developed the
Mgat4d conditional and global knockout mice, and the LacZ mice; J.A. performed and interpreted MALDI-IMS
data; J.P. made transgenic constructs, and bred mutant and transgenic mice; A.S. performed confocal microscopy;
S.S. characterized antibodies; P.S. conceived and directed experiments, curated and interpreted data and co-wrote
the paper.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-58923-6.

Correspondence and requests for materials should be addressed to P.S.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

" | icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:2135 | https://doi.org/10.1038/s41598-020-58923-6


https://doi.org/10.1038/s41598-020-58923-6
https://doi.org/10.1038/s41598-020-58923-6
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	The Golgi Glycoprotein MGAT4D is an Intrinsic Protector of Testicular Germ Cells From Mild Heat Stress

	Results

	Effects of global and conditional deletion of Mgat4d on spermatogenesis and fertility. 
	Males lacking Mgat4d are more sensitive to mild heat stress of the testis. 
	Mgat4d transgenic mice are resistant to the effects of heat stress. 
	Molecular basis of the increased sensitivity of Mgat4d[−/−] germ cells to heat stress. 
	Enriched biological pathways in heat-stressed Mgat4d[−/−] germ cells based on Ingenuity Pathway Analysis (IPA). 
	Top upstream transcriptional regulators. 
	Most represented networks, toxicological functions, diseases and biological functions. 
	Gene set enrichment analysis (GSEA). 

	Discussion

	Materials and Methods

	Mice. 
	Antibodies. 
	Immunohistochemistry. 
	Western-blot analysis. 
	Apoptosis assay. 
	Germ cells isolation. 
	RNA isolation and RT-PCR. 
	Quantitative PCR (qRT-PCR). 
	Histological analysis. 
	Mild heat stress treatment. 
	Microarray. 
	Gene set enrichment analysis and ingenuity pathway analysis. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Generation of Mgat4d mutant mice.
	Figure 2 Effects of heat treatment on Mgat4d[−/−] testes.
	Figure 3 Apoptosis of germ cells in heat-treated testes.
	Figure 4 Generation and characterization of Mgat4d transgenic mice.
	Figure 5 Effects of heat stress in Mgat4d transgenic testis.
	Figure 6 Effects of heat treatment on apoptosis in Mgat4d transgenic mice.
	Figure 7 qRT-PCR of cDNA from testis of 33 °C- or 43 °C-treated control vs Stra8-Mgat4d-L-Myc males of 7 months.
	Figure 8 Microarray analysis of germ cell cDNA.
	Figure 9 Validation and Ingenuity Pathway analysis (IPA).
	Figure 10 Differential gene interactions between Mgat4d genotype and heat shock conditions.
	Table 1 Fertility of Mgat4d[−/−] and Mgat4d-L-Myc transgenic male mice.




