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SUMMARY

Although the composition and assembly of stress granules (SGs) are well understood, the molecular mech-
anisms underlying SG disassembly remain unclear. Here, we identify that heterogeneous nuclear ribonucleo-
protein A2/B1 (hnRNPA2B1) is associated with SGs and that its absence specifically enhances the disas-
sembly of arsenite-induced SGs depending on the ubiquitination-proteasome system but not the
autophagy pathway. hnRNPA2B1 interacts with many core SG proteins, including G3BP1, G3BP2, USP10,
and Caprin-1; USP10 can deubiquitinate G3BP1; and hnRNPA2B1 depletion attenuates the G3BP1-
USP10/Caprin-1 interaction but elevates the G3BP1 ubiquitination level under arsenite treatment. Moreover,
the disease-causing mutation FUSF°2'€ also disassembles faster from SGs in HNRNPA2B1 mutant cells.
Furthermore, knockout of hnRNPA2B1 in mice leads to Sertoli cell-only syndrome (SCOS), causing complete
male infertility. Consistent with this, arsenite-induced SGs disassemble faster in Hnrnpa2b1 knockout (KO)
mouse Sertoli cells as well. These findings reveal the essential roles of hnRNPA2B1 in regulating SG disas-

sembly and male mouse fertility.

INTRODUCTION

In eukaryotic cells, one of the mechanisms in response to envi-
ronmental and biotic stress, such as heat shock, oxidative
stress, viral infection, osmotic stress, UV irradiation, or cold
shock, is the formation of stress granules (SGs), non-membra-
nous cytoplasmic aggregates containing mRNA and protein.
Although SGs were originally thought to be sites of translational
repression, recent studies have shown that the formation of
visible SGs may not be required for efficient translation shut-
down."? These carefully controlled subcellular structures are
considered to originate through liquid-liquid phase separation
(LLPS) of low-complexity protein domains and are highly
conserved. The physics of LLPS underlying the development
of SGs have demonstrated that there is a network of linked SG
regulator proteins, with G3BP1 acting as the central node.*>™®
SGs are signaling hubs that coordinate cell growth and meta-
bolism in response to environmental changes, thereby allowing
cells to adapt to stressors.® Numerous diseases are linked to
improper SG management, ranging from aging to neurodegener-
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ative illnesses.”® While the mechanisms of SG assembly in
response to different stressors have been extensively studied
in various model systems, the mechanisms under SG disas-
sembly have so far evaded us to a great extent.

As a temporary adaptive stress response, SGs promptly
deconstruct when the initial stress is removed in a context-
dependent mechanism depending on the type and duration of
the initiating stress, mainly through the autophagy pathway
and/or ubiquitination-proteasome system. Short-lived SGs
remain dynamic and are quickly eliminated by decondensation
(a reversal of LLPS), allowing constituents to be recycled.® On
the other hand, persistent SGs, such as chronic stress or dis-
ease-related mutations, are cleared by autophagy-dependent
degradation,'®'" leading to the degradation and permanent
loss of constituent proteins and RNAs. In the case of SG context,
cells employ different signaling pathways to disassemble SGs.
The disassembly of heat-shock-induced SGs is much more
dependent on ubiquitination than arsenite-induced SGs,
although ubiquitination occurs under both stresses.®"'? In addi-
tion, defective SG disassembly and their development into
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aggregates are promoted by persistent stress and mutations in
RNA binding proteins (RBPs), such as TDP-43, FUS, and
hnRNPA1, associated with neurodegenerative disorders.'®™'°

Heterogeneous nuclear ribonucleoprotein A2/B1 (hnRNPA2B1)
is an RBP, and it regulates RNA metabolism in a variety of ways,
including mRNA processing,'® microRNA (miRNA) processing'”
and exosomal sorting,'® mRNA decay, ' telomere maintenance,>°
transcript stability,?" translational control,?? and innate immune
response.”® Notably, after arsenite treatment, both wild-type
hnRNPA2 and pathogenic mutant hnRNPA2 (D290V) can localize
in SGs, and hnRNPA2 (D290V) is incorporated into SGs faster
than wild-type (WT) hnRNPA2.%* Notably, hnRNPA2 (D290V) re-
sults in increased muscle degeneration, which correlates with
increased cytoplasmic inclusion formation. It has been proposed
that the D290V mutation located in the center of the prion-like
domain (PrLD) and is expected to increase prion susceptibility.
Most strikingly, the D290V mutation causes a mutant hexapeptide
to become highly amyloidogenic, whereas the WT peptide is not.>®
These findings suggest a link between hnRNPA2B1 and SGs; how-
ever, the role of hnRNPA2B1 in the SG dynamic process is still
unknown.

Here, we report that hnRNPA2B1 depletion in HelLa cells accel-
erates SG disassembly relying on the ubiquitination-proteasome
system but not the autophagy pathway and enhances the disas-
sembly of the pathological mutation FUSR2' from arsenite-
induced SGs. Additionally, hnRNPA2B1 interacts with G3BP1
through its C-terminal domain and regulates G3BP1-USP10 inter-
action intensity and the ubiquitination level of G3BP1 under arse-
nite stress. Further, we generated Hnrnpa2b1 knockout (KO) mice
and found that the KO males are completely sterile, accompanied
by Sertoli cell-only syndrome (SCOS), and showed that arsenite-
induced SGs were disassembled faster as well in mouse
Hnrpa2b1 KO Sertoli cells. We demonstrate that hnRNPA2B1
regulates SG disassembly and is essential for male fertility in mice.

RESULTS

hnRNPA2B1 localizes with SGs upon various stresses
To elucidate the cellular function of hnRNPA2B1 during SG as-
sembly, we examined the subcellular localization of hnRNPA2B1
under conditions with or without arsenite treatment. hnRNPA2B1
was mainly diffusely localized in the nucleus under the untreated
condition, whereas arsenite treatment induced its accumulation
in cytoplasmic SGs (Figure 1A). hnRNPA2B1 could localize to
SGs under arsenite with different concentrations (0.02 mM,
0.05 mM, 0.10 mM, 0.25 mM, and 0.50 mM; Figure S1A), con-
firming that hnRNPA2B1 was sensitive to arsenite stress. Simi-
larly, hnRNPA2B1 was also detected to localize at SGs induced
by heat shock, sorbitol, and NaCl (Figures 1A and S1B). Thus,
hnRNPA2B1 is a universal SG component associated with SG
formation under various stresses.

hnRNPA2B1 harbors two alternative spliced isoforms, A2 and
B1, and the shorter isoform (hnRNPA2) lacks 12 amino acids in
the N-terminal region and is the main isoform, composing
~90% of the protein in most tissues. To determine which domain
of hnRNPA2B1 mediates the association with SGs, we gener-
ated different variants and truncated proteins (Figure 1B) and
ectopically expressed them in Hela cells (Figure 1C). The results
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showed that full-length hnRNPA2, pathogenic mutation
hnRNPA2 (D290V), and its C-terminal truncation are mainly
located in the nucleus under normal conditions and can translo-
cate onto SGs under arsenite induction (Figure 1C). However, the
other three truncated proteins, including N terminus, RNA recog-
nition motif 1 (RRM1), and RRM2, were unable to locate in the nu-
cleus and cannot translocate onto SGs upon arsenite stress but
are ubiquitously expressed in the cytoplasm under normal con-
ditions (Figure 1C). Interestingly, the pathogenic mutation
hnRNPA2 (D290V) could form G3BP1-positive SGs under
normal conditions, indicating its profile of pathogenic protein ag-
gregation (Figure 1C). The C terminus of hnRNPA2B1 is essential
for its SG location ability under arsenite stress.

KO of hnRNPA2B1 accelerates the disassembly of
arsenite-induced SGs

To test the functional relevance of hnRNPA2B1 for SG meta-
bolism, we generated an hnRNPA2B1 KO Hel.a cell line (referred
to as hnRNPA2B1 KO) using the CRISPR-Cas9 technique
(Figures S1C-S1F) and analyzed the assembly and disassembly
of arsenite-induced SGs in hnRNPA2B1 KO cells. The results
showed that hnRNPA2B1 depletion does not significantly influ-
ence SG assembly compared with WT cell lines under different
concentrations of arsenite (Figure 2A), as judged by the quantita-
tive analysis of cells with SGs positive for the SG marker protein
G3BP1 (Figure 2B). However, SGs were disassembled notably
faster in hnRNPA2B1 KO cells than in WT cells (Figures 2C and
2D). 2.5 h after recovery, only fewer than 10% hnRNPA2B1 KO
cells possessed the SGs, whereas 56% WT cells still had SGs
(Figure 2D). In addition, hnRNPA2B1 always colocalized with
G3BP1-positive SGs during the disassembly process (Fig-
ure S1G), indicating its critical role in SG dynamics. These effects
were not limited to SGs induced by arsenite stress; indeed, the
depletion of hnRNPA2B1 did not influence the SG assembly
but specifically led to enhanced SG disassembly under heat
shock stress (Figures 2E and 2F). Together, these data indicate
that hnRNPA2B1 could retard the disassembly of arsenite-
induced SGs during the recovery phase.

Since hnRNPA1 and hnRNPA2B1 are paralogs in the human
genome, and both of them are highly expressed in common
cell lines and tissues, we next asked whether hnRNPA1 is also
involved in SG disassembly. To this end, we first confirmed the
association between hnRNPA1 and SGs under four different
stresses: arsenite, DTT, sorbitol, and heat shock (Figure S2A),
which is consistent with a previous report.”® We then examined
the SG disassembly under arsenite stress by knockdown of
hnRNPA1 in WT and hnRNPA2B1 KO cells (Figure S2B). The re-
sults showed that the knockdown of hnRNPA1 in WT cells did
not influence SG assembly (Figure S2C) but significantly slowed
down SG disassembly (Figures S2D and S2E), and the depletion
of hnRNPA1 in hnRNPA2B1 KO cells also decelerated SG disas-
sembly (Figures S2D and S2E). These data indicate the convert
role of hnRNPA1 and hnRNPA2B1 in regulating SG disassembly.

To test whether the enhanced SG disassembly is reflected by
the material property of SG formed in hnRNPA2B1 KO cells, we
introduced exogenous GFP-tagged G3BP1 to monitor the
mobility of SGs during arsenite stress by fluorescence recovery
after photobleaching (FRAP). SGs formed in hnRNPA2B1 KO
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Figure 1. hnRNPA2B1 associates with stress granules (SGs) upon arsenite stress

(A) Immunofluorescence of endogenous hnRNPA2B1 and G3BP1 in HeLa cells subjected to arsenite treatment or heat shock. Scale bars, 10 um.

(B) Domain architecture of human hnRNPA2B1 and its truncated variants. A2 is the shorter isoform; B1 is the longer isoform. N-Term, N-terminal; RRM, RNA
recognition motif; NLS, nuclear localization signal; PrLD, prion-like domain.

(C) Immunofluorescence of MYC (an epitope tagging fused to hnRNPA2B1 and its truncated variants) and G3BP1 in cells transfected with MYC-hnRNPA2B1
variants and treated with arsenite. Scale bars, 10 um.

cells showed a shorter half-recovery time compared withthe WT ~ Loss of hnRNPA2B1 disturbs the autophagy pathway

(Figures 2G and 2H), but the SGs in WT cells had a trend of more  Since autophagy has been reported to regulate SG disassembly
recovery near the plateau (Figure 2I), revealing the role of depending on the initial stressor and SG context,””?® we first
hnRNPA2B1 in defining the motility of arsenite-induced SGs. examined the autophagy level in WT and hnRNPA2B1 KO cells
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Figure 2. The depletion of hnRNPA2B1 promotes arsenite-induced SG disassembly

(A) Immunofluorescence of G3BP1 in WT and hnRNPA2B1 KO cells exposed to arsenite treatment with different concentrations as indicated for 1 h. Scale bars,
20 um.

(B) Quantification of cells with SGs in (A). Experiments were performed in triplicate and each time, cells were counted by two different individuals. Over 100 cells
were counted per condition.

(C) Immunofluorescence of G3BP1 in WT and hnRNPA2B1 KO cells treated with arsenite and allowed to recover (R) as the indicated time. Scale bars, 20 pm.
(D) Quantification of cells with SGs in (C). Experiments were performed in triplicate.

(E) Immunofluorescence of hnRNPA2B1 and G3BP1 in WT and hnRNPA2B1 KO cells exposed to heat shock and allowed to recover for the indicated time. Scale
bars, 20 um.

(F) Quantification of cells with SGs in (E). Experiments were performed in triplicate. Over 100 cells were counted per condition.

(G) Representative images over time of an FRAP experiment. WT and hnRNPA2B1 KO cells were transfected with GFP-tagged G3BP1 constructs and exposed to
arsenite, and then the relative dynamics of SGs were compared by FRAP. Scale bars, 10 um.

(H) The mean recovery half-time after bleaching.

(I) Average FRAP recovery curves of WT and hnRNPA2B1 KO cells.

Data shown here and in all other quantitations are mean + SEM unless otherwise specified. ns, not significant. *p < 0.05, **p < 0.01, **p < 0.001 by two-tailed
Student’s t test.

to understand the basis underlying the faster SG disassembly compared with a low level of basal autophagy in WT cells

upon hnRNPA2B1 deletion. As expected, in hnRNPA2B1 KO  (Figures S3A and S3B), and the increased LC3-Il expression
cells, the lipidated LC3 (LC3-Il) expression level was increased levels always occurred under normal conditions, arsenite
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treatment, and recovery phase in hnRNPA2B1 KO cells
(Figures S3A and S3B). Similarly, the master regulator of the
autophagy-lysosome pathway transcription factor EB (TFEB)
(Figures S3C and S3D) and the autophagy receptor p62
(Sequestosome-1 [SQSTM1)) (Figure S3E) were also increased
in KO cells at all detected time points compared with control
cells. Especially during the recovery time after arsenite treat-
ment, TFEB could translocate from the cytoplasm to the nucleus
in both WT and KO cells, but the nuclear signals were signifi-
cantly stronger in KO cells compared with those of WT cells (Fig-
ure S3D). However, other detected autophagy-associated pro-
teins showed no apparent change, including ATG7, VCP, and
ATG16L (Figure S3A). The simultaneous increase in LC3 and
p62 suggests an impaired fusion process of the autophagosome
with the lysosome or a dysfunctional autophagic clearance.??
To investigate this, we transfected GFP-mCherry-LC3 plasmid
into WT and hnRNPA2B1 KO cells separately to measure the for-
mation of autolysosomes; due to the low pH of the autolyso-
some, the green fluorescence of the acid-sensitive GFP was
quenched upon fusion of the autophagosome with the lysosome,
but the red fluorescence of the acid-insensitive mCherry was not
lost until the proteins were degraded in the autolysosome.®® A
small number of yellow puncta (mainly indicating autophago-
somes) were observed in WT cells; however, yellow puncta
were highly accumulated in hnRNPA2B1 KO cells (Figures S3F
and S3G), possibly due to a secondary defect in autophagosome
maturation and/or lysosome function. Therefore, these results
suggest that hnRNPA2B1 may regulate TFEB and p62-related
autophagic pathways to control the cell fate.

To investigate whether the abnormally increased protein levels
of LC3, TFEB, and p62 are responsible for the more rapid SG
disassembly in hnRNPA2B1 KO cells, we knocked down TFEB
or p62 in hnRNPA2B1 KO cells (Figures S4A and S4B) and found
that the enhanced SG disassembly cannot be blocked by TFEB
knockdown (Figures S4C and S4D) or p62 knockdown
(Figures S4E and S4F). Subsequently, we used the most widely
employed autophagy blocking chemicals, bafilomycin A1
(BafA1) and chloroquine (CQ), to inhibit the last stage of autophagy.
BafA1 can increase lysosomal pH and thus inhibit the activity of
resident hydrolase and lysosomal degradation capacity.**° CQ
mainly impairs the autophagic flux by decreasing autophago-
some-lysosome fusion but does not inhibit lysosomal degradation
capacity as BafA1 does.®” The results revealed a successful block
of autophagy by adding BafA1 or CQ, showing increased protein
levels of LC3-Il and p62 (Figure S5A). However, neither BafA1
nor CQ addition could block the fast SG disassembly in
hnRNPA2B1 KO cells (Figures S5B-S5D). Thus, hnRNPA2B1
ablation disturbed the autophagy pathway and SGs disassembled
independent of autophagy in hnRNPA2B1 KO cells.

The ubiquitination-proteasome pathway is responsible
for the faster SG disassembly in hnRNPA2B1 KO cells
Because the ubiquitination-proteasome pathway is required for
normal efficient clearance of SGs induced by both arsenite and
heat shock,'®""*® we sought to determine the effects of the
ubiquitination-proteasome pathway in enhanced SG clearance
upon hnRNPA2B1 deletion. Accordingly, we tested the impact
of several inhibitors of the ubiquitin-proteasome system during
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SG disassembly in WT and hnRNPA2B1 KO cells, including in-
hibitors of the 26S proteasome (bortezomib [Btz]), VCP/p97
(CB5083), and UBA1 (TAK243). First, SG clearance was almost
completely blocked in both WT (96.15% cells with SG, 475 of
494) and hnRNPA2B1 KO (93.60% cells with SG, 351 of 375)
cells upon Btz treatment after recovery for 2 h (Figures 3A and
3B). In addition, after 2.5 h of recovery, the SG disassembly
was still firmly blocked in WT cells (89.73% cells with SG, 507
of 565), whereas the block effect was much weaker in
hnRNPA2B1 KO cells (56.71% cells with SG, 207 of 365)
(Figures 3A and 3B). This result suggests the essential role of
proteasome activity in normal SG clearance and hnRNPA2B1-
dependent SG disassembly. Second, CB5083 treatment could
delay SG disassembly in both WT (96.29% cells with SG, 493
of 512) and hnRNPA2B1 KO cells (68.73% cells with SG, 233
of 339) cells after 2 h of recovery (Figures 3C and 3D). Similar
to the Btz treatment, after 2.5 h of recovery, the SG disassembly
was still inhibited in WT cells (91.26% cells with SG, 501 of 549),
whereas this blocking effect was greatly diminished in
hnRNPA2B1 KO cells (35.02% cells with SG, 104 of 297)
(Figures 3C and 3D). Therefore, this observation suggests that
normal SG disassembly largely depends on VCP activity, but
the blockage of VCP activity could only partially inhibit the SG
disassembly upon hnRNPA2B1 depletion. Third, in the case of
TAK243 treatment, about 70.99% (372 of 524) of WT cells con-
tained SGs, whereas only 49.19% (114/232) of hnRNPA2B1
KO cells had SGs after 2 h of recovery (Figure 3E). Moreover, af-
ter 2.5 h of recovery, ~38.63% (192 of 496) of WT cells still
harbored SGs, whereas ~23.33% (77 of 330) of hnRNPA2B1
KO cells contained SGs (Figure 3E), which indicates that the
blockage effect of TAK243 on SG disassembly would weaken
upon hnRNPA2B1 ablation. Together, these data showed that
the inhibition effect of Btz was the most efficient one among
the detected three inhibitors, and its inhibition effect was compa-
rable between WT and hnRNPA2B1 KO cells. However, the inhi-
bition effect of SG disassembly of CB5083 and TAK243 was
much weaker in hnRNPA2B1 KO cells than in WT cells.

These results raised two possible explanations, with the first be-
ing that the conventional pathways for SG disassembly discov-
ered so far became much stronger upon hnRNPA2B1 KO; the
other might be that some unknown pathways responsible for
SG disassembly were activated in hnRNPA2B1 KO cells. To test
the first possibility, we increased the concentration of the three in-
hibitors by 2-fold. The blockage effects of a doubled concentra-
tion of the three inhibitors in hnRNPA2B1 KO cells could nearly
achieve that of WT cells treated with normal concentrations
(Figures 3E-3G), except that doubled CB5083 in hnRNPA2B1
KO cells still could not achieve the blocking efficiency in WT cells
after 2.5 h of recovery (Figure 3G). Altogether, our findings indicate
that the ubiquitination-proteasome pathway is essential for SG
disassembly in both WT and hnRNPA2B1 KO cells and is respon-
sible for the faster SG disassembly in hnRNPA2B1 KO cells.

hnRNPA2B1 interacts with G3BP1 to regulate SG
disassembly mediated by G3BP1-USP10/Caprin-1
interaction and G3BP1 ubiquitination

To gain more insight into the mechanisms underlying the
enhanced SG disassembly in hnRNPA2B1 KO cells, we next
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Figure 3. Blockage of the ubiquitination-proteasome pathway inhibits the faster SG disassembly in hLnRNPA2B1 KO cells
(A) Immunofluorescence of hnRNPA2B1 and G3BP1 after treatment with the indicated chemicals (DMSO or bortezomib [Btz]) and recovery for 2 h (R2hr) and 2.5 h

(R2.5hr), respectively. Scale bars, 20 pm.

(B) Quantification of cells with SGs in (A). Experiments were repeated five times. Over 100 cells were counted per condition.
(C) Immunofluorescence of hnRNPA2B1 and G3BP1 in cells treated with DMSO or CB5083 and recovered for 2 h (R2hr) and 2.5 h (R2.5hr), respectively. Scale

bars, 20 pm.

(D) Quantification of cells with SGs in (C). Experiments were repeated five times. Over 100 cells were counted per condition.

(E-G) Quantification of cells with SGs after treatment with TAK243 (E), Btz (F), and CB5083 (G) at R2hr and R2.5hr. Experiments were performed in triplicate, and
each time cells were counted by two different individuals. Over 100 cells were counted per condition.

All data are shown as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001 by two-tailed Student’s t test.

immunoprecipitated endogenous hnRNPA2B1 by using WT
HelLa cell extracts and performed mass spectrometry to
generate a list of hnRNPA2B1-interacting proteins (jPOST:
JPST002463). In total, we identified 878 proteins that are highly
involved in multiple aspects of RNA processing, including meta-
bolism of RNA, translation, ribonucleoprotein complex biogen-
esis, RNA localization and stabilization, and SG assembly (Fig-
ure S6A). Notably, 18 core SG proteins, 16 pre-stress seed
proteins (4 proteins are engaged in spermatogenesis), and 29
disassembly-engaged proteins (DEPs) were found among
hnRNPA2B1-interacting proteins (Figure 4A). We thus used
hnRNPA2B1 and its 35 interacting proteins involved in SG as-
sembly or core SG proteins and pre-stress proteins to construct
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a protein interaction network (Figure S6B). Next, immunoprecip-
itation results showed that, except for SFPQ, the other six
selected proteins interacted with hnRNPA2B1 under normal
conditions, and three proteins (G3BP1, NONO, and TDP43) in-
teracted with hnRNPA2B1 no matter whether arsenite was pre-
sent, but the interactions between hnRNPA2B1 and the other
three proteins (PABPC1, FXR1, and FMR1) became too weak
and were barely detectable after arsenite addition (Figures 4B
and S6C). Furthermore, the G3BP1-interacting proteins
(G3BP2, Caprin-1, and USP10) and ZFAND1 (a protein that pro-
motes arsenite-induced SGs by recruiting VCP and the 26S pro-
teasome®®) were also confirmed to interact with hnRNPA2B1
(Figures 4C and 4D), and the interactions between hnRNPA2B1
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Figure 4. hnRNPA2B1 interacts with several core SG component proteins

(A) Selected hnRNPA2B1-interacting proteins included in core SG, pre-stress seed, and disassembly-engaged proteins (DEPs). hnRNPA2B1 itself (asterisk) is
also contained in core SG and pre-stress seed proteins.

(B-D) Co-immunoprecipitation (colP) assay showing the interaction protein of hnRNPA2B1 under the normal condition or arsenite treatment.

(E) ColP using an hnRNPA2B1 antibody in arsenite-treated cells incubated with RNaseA or left untreated.

(F-1) Reciprocal IP using antibodies of G3BP1 (F), USP10 (G), Caprin-1 (H), and VCP (1) in cells under normal conditions or arsenite treatment. Input and IP samples
were immunoblotted for the indicative antibodies.

(J) Lysates of cells ectopically expressing GFP-tagged VCP or empty vector were subjected to hnRNPA2B1 IP and immunoblotted for GFP and hnRNPA2B1. An
asterisk indicates a non-specific band.

(K) Lysates of cells ectopically expressing MYC-tagged hnRNPA2 full-length (A2-FL), hnRNPA2 variants corresponding to Figure 1B, hnRNPA2-D290V, or empty
vector were subjected to G3BP1 IP or VCP IP.
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and G3BP1/USP10/Caprin-1 were RNA independent (Figure 4E).
Of note, the key SG component proteins, including Caprin-1,
FMR1, FXR1, and USP10, were retrieved faster from SGs in
hnRNPA2B1 KO cells than that of WT during the recovery phase,
which is akin to G3BP1 (Figures S6D and S6E).

To further investigate the molecular links between hnRNPA2B1
and core SG proteins (G3BP1/USP10/Caprin-1) and the ubiquiti-
nation-associated protein VCP, we carried out the reciprocally
immunoprecipitated assays using G3BP1, USP10, Caprin-1,
and VCP antibodies and further confirmed their interactions with
hnRNPA2B1 under normal and arsenite treatment conditions
(Figures 4F-4l). In addition, we ectopically overexpressed GFP-
VCP in Hela cells and performed an immunoprecipitation exper-
iment using the hnRNPA2B1 antibody, confirming the interaction
of VCP and hnRNPA2B1 (Figure 4J). Further immunoprecipitation
experiments by ectopically overexpressed WT and truncated
hnRNPA2B1 variants showed that both G3BP1 and VCP could
bind specifically with the C-terminal domain of hnRNPA2B1 (Fig-
ure 4K). Since the pathogenic mutation hnRNPA2 (D290V) is
located in the C-terminal domain, we asked whether the mutation
alters the interaction between hnRNPA2B1 and G3BP1. MYC-
tagged WT hnRNPA2 and its mutant D290V were transfected
into Hela cells, and immunoprecipitation with G3BP1 or MYC an-
tibodies, respectively, showed that the hnRNPA2B1-G3BP1 inter-
action is not affected by the D290V mutation (Figure S6F). Since
VCP could utilize different cofactors, such as ZFAND1 under arse-
nite stress and FAF2 under heat shock, to participate in SG disas-
sembly,'® we asked whether the colocalization intensity of VCP
with SGs is affected upon hnRNPA2B1 depletion. Interestingly,
we found that VCP could colocalize with SGs but did not show
any noticeable intensity change between WT and hnRNPA2B1
KO cells under arsenite treatment and recovery duration (Fig-
ure S6G). Moreover, the interactions of VCP-ZFAND1, VCP-
FAF2, VCP-G3BP1, G3BP1-ZFAND1, and G3BP1-FAF2 dis-
played no apparent changes between WT and hnRNPA2B1 KO
cells under arsenite treatment (Figures S6H and S6l). Therefore,
hnRNPA2B1 interacts with G3BP1 and VCP via its C-terminal
domain, but the interaction of hnRNPA2B1-VCP may not be
responsible for regulating SG disassembly under arsenite stress.

We next focused most of our subsequent investigations on the
interaction of hnRNPA2B1-G3BP1 through analyzing the inter-
action strength between G3BP1 and its key interacting proteins.
Under the normal condition, the interactions between G3BP1
and its key interacting proteins showed no noticeable change,
including Caprin-1, USP10, G3BP2, and PABPC1 (Figure 5A,
left). Interestingly, the interactions of G3BP1-USP10 and
G3BP1-Caprin-1 were significantly weaker in hnRNPA2B1 KO
cells compared with WT cells under arsenite treatment, whereas
interactions of G3BP1-G3BP2 and G3BP1-PABPC1 showed no
apparent changes (Figure 5A, center). Notably, all four detected
proteins exhibited weaker interaction with G3BP1 after recovery
for 1.5 h (Figure 5A, right). Furthermore, we observed increased
G3BP1 ubiquitination upon arsenite treatment for 1 h (1.36 in KO
vs. 1.00 in WT cells) and after recovery for 1.5 h (1.24 in KO vs.
1.00 in WT cells) in hnRNPA2B1 KO cells compared with WT
cells, (Figure 5B, top). Next, to further determine which types
of polyubiquitin chains mainly contribute to the increased total
G3BP1 ubiquitination, we detected the endogenous levels of
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K48- and K63-linked chains, which are the most abundant and
well-characterized linkage types.’’ The levels of K48-linked
polyubiquitination of G3BP1 showed a slight increase (1.26 in
KO vs. 1.00 in WT cells) (Figure 5B, center), whereas the K63-
linked ubiquitination of G3BP1 exhibited a much higher level
upon arsenite treatment (1.40 in KO vs. 1.00 in WT cells) (Fig-
ure 5B, bottom). On the contrary, no obvious change was
observed under heat shock stress, including total G3BP1 ubiqui-
tination and the endogenous K48- and K63-linked chains (Fig-
ure 5C). Taken together, these data suggest that hnRNPA2B1
mediates the interplay of G3BP1-USP10 and/or G3BP1-Cap-
rin-1, thereby regulating SG disassembly via G3BP1 ubiquitina-
tion under arsenite stress.

USP10 stabilizes and deubiquitinates G3BP1

Since USP10 is a ubiquitin-specific protease, and we observed
the decreased G3BP1-USP10 interaction and the increased
ubiquitination level of G3BP1 in hnRNPA2B1 KO cells, subse-
quently, we mainly focused on the mechanism of G3BP1 and
its partner USP10 in SG disassembly and asked whether
USP10 might function to deubiquitinate G3BP1. First, we
observed that the knockdown of USP10 decreased G3BP1 pro-
tein levels, and two different small interfering RNAs (siRNAs) tar-
geting USP10 behaved similarly (Figure 5D); in parallel, ectopic
overexpression of GFP-tagged USP10 resulted in G3BP1 eleva-
tion in a dose-dependent manner (Figure 5E). Furthermore, the
endogenous protein level of G3BP1 showed no obvious changes
in the four detected conditions (control [Ctrl], arsenite treatment
for 1 h [As1h], recovery for 1.5 h [R1.5h], and recovery for 2 h
[R2h]) (Figure S6J). We next investigated whether USP10 regu-
lates the level of G3BP1 ubiquitination, using the proteasome in-
hibitor MG132 to observe G3BP1 ubiquitination in Figure 5F.
USP10 knockdown significantly increased the total ubiquitina-
tion levels and G3BP1 ubiquitination (3.83 in siUSP70 vs. 1.00
in siNC). In contrast, the ectopic expression of GFP-tagged
USP10 significantly decreased the total ubiquitination level and
G3BP1 ubiquitination (0.24 in GFP-USP10 vs. 1.00 in vector)
(Figure 5F). These results indicate that G3BP1 is a substrate of
USP10 and that USP10 regulates G3BP1 ubiquitination.

hnRNPA2B1 depletion promotes the disassembly of SGs
containing ALS-associated mutated FUS protein

A range of genes encoding RBPs that function in the SG reaction
bear pathological mutations that are prone to accumulate within
SGs, such as ATXN2, FUS, hnRNPAO, hnRNPA1, hnRNPA2B1,
and TDP43, as summarized by Wolozin and Ivanov.® To detect
whether hnRNPA2B1 deletion can enhance the disassembly of
a pathological mutation protein, the FUS-R521C mutation was
selected, as it is a frequent and highly penetrant amyotrophic
lateral sclerosis (ALS)-associated mutation, and it has been
found in both familial and sporadic ALS patients in a geo-
graphically unrelated manner with high disease penetrance.”'°
We transfected plasmids encoding WT FUS (FUSWT) or its
R521C mutant (FUS™®2'¢) protein into WT and hnRNPA2B1 KO
cells, respectively, and the transfected plasmid amount was
controlled to ensure that the ectopically overexpressed FUSWT
and FUS™2'C themselves could not induce SGs in WT and
hnRNPA2B1 KO cells under basal conditions (Figures 6A and
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Figure 5. hnRNPA2B1 regulates the G3BP1-USP10 interaction strength and G3BP1 ubiquitination level under arsenite stress

(A) ColP assay showing the attenuated association of G3BP1-USP10 and G3BP1-Caprin-1 under arsenite treatment (As1hr). Ctrl, normal condition.

(B and C) IP assay showing the endogenous ubiquitination and K48- or K63-linked polyubiquitination levels of G3BP1 under arsenite treatment (B) and heat shock
(C). As in (B) means arsenite treartment for 1 h; HS in (C) means heat shock for 1 h; Rec, recovery for 1.5 h in (B) and 30 min in (C). Ubiquitination levels (normalized
by G3BP1 levels) were quantified. The asterisk indicates an immunoglobulin G (IgG) band.

(D and E) Immunoblot showing the effect of USP70 knockdown by using two independent siRNAs (D) or overexpression by increasing amounts of GFP-tagged
USP10 (E) on the level of G3BP1. G3BP1 levels (normalized by GAPDH levels) were quantified. NC, negtive control.

(F) Immunoblot showing G3BP1 ubiquitination levels in vivo regulated by USP10 knockdown (left) or overexpression (right). Cells were treated with MG132 (10 uM)
4 h before harvest. Ubiquitination levels (normalized by G3BP1 levels) were quantified.
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Figure 6. The pathological FUS mutant (R521C) disassembles faster from SGs in hnRNPA2B1 KO cells

(A) WT and hnRNPA2B1 KO cells under normal conditions were transfected with plasmids encoding FLAG-tagged wild-type FUS (FUS"T) and FUS-R521C
(FUSR521©) and stained for FLAG and TIAR (a SG marker protein). Scale bars, 10 um.

(B) Immunoblot showing the ectopic expression of transfected FLAG-FUS™T or FLAG-FUS®®2'C in (B).

(C) Immunofluorescence of FLAG and TIAR in cells, transfected with FLAG-FUS™T or FLAG-FUSR2C  treated with arsenite (As1hr), and recovered for 2 h (R2hr).

Scale bars, 10 pm.

(D) Quantification of the intensity ratio of FUS™*2'/TIAR on SGs at R2hr. Over 100 SGs were counted for each group. Data are shown as mean + SEM. ***p < 0.001

by two-tailed Student’s t test.

6B). Subsequently, after arsenite treatment, FUSR2'C translo-
cated onto SGs in the majority of FUSR®2'C_positive cells,
whereas FUSYT was rarely seen in SGs in both WT and
hnRNPA2B1 KO cells (Figure 6C, top and center), which was in
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agreement with previous results from cultured primary motor
neurons from WT and FUSR®2'® knockin homozygous mutant
spinal cords.*” To study the disassembly of FUS®®?'® from
SGs, we analyzed the intensity change of FUSR®2'C on SGs
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during recovery. In WT cells, FUS®%27C was still strongly colocal-

ized in the remaining SGs after R2H (Figure 6C). However, the in-
tensity of FUSF®2'C on the remaining SGs was strikingly
decreased in hnRNPA2B1 KO cells compared with that in WT
cells (Figures 6C, bottom, and 6D). Together, these results indi-
cate that ALS-causing FUS mutations were disassembled faster
from SGs upon hnRNPA2B1 depletion, revealing a highly
conserved role of hnRNPA2B1 in eliminating physiological and
pathological SGs.

Ablation of hnRNPA2B1 in mice causes SCOS and leads
to faster SG disassembly in Sertoli cells

To explore the physiological role of hnRNPA2B1 in vivo, we first
detected the expression pattern of hnRNPA2B1 in multiple mouse
tissues. Both mRNA and protein of hnRNPA2B1 were ubiquitously
expressed in all detected tissues, but with the highest protein
expression level in the testes and heart (Figures S7A and S7B),
and expressed from post-natal day 0 (P0O) to adult in the testes,
with hnRNPA2 as the main isoform (Figures S7C and S7D).
hnRNPA2B1 was ubiquitously expressed in the nucleus of Sertoli
cells, mitotic spermatogonia, meiotic spermatocytes, and haploid
round spermatids and almost undetectable in elongating sperma-
tids (Figure S7E). Immunofluorescence staining of hnRNPA2B1
with WT1 (a Sertoli cell marker) in the developing testes (P1, P7,
P14, P21, P26, P35, and P42) further revealed that hnRNPA2B1
is extensively expressed in Sertoli cells and germ cells, including
prospermatogonia (P1) and spermatogonia (P7), and highly ex-
pressed in pachytene spermatocyte and round spermatids
(P14-P42) (Figure ST7F). Together, hnRNPA2B1 is highly ex-
pressed in Sertoli cells, meiotic spermatocytes, and post-meiotic
round spermatids (RS) and may play an essential role in male germ
cell development.

We next established a Hnrnpa2b1 gene global KO mouse
model and found that the KO mice (referred as Hnrnpa2b1 KO)
could survive normally with no obvious developmental defects.
However, the Hnrnpa2b1 KO adult males were completely infer-
tile and produced no pups when co-caged with fertility-proven
WT females. Since the function of hnRNPA2B1 had been re-
ported in other systems using conditional KO mice, such as
the immune system,”® we mainly focused on its role in spermato-
genesis in this study. Gross histological analyses of testes
showed smaller testis size and decreased testis/body weight
from P14 onward in Hnrnpa2b1 KO mice compared with WT
Ctrls (Figures 7A and 7B). Western blot and immunofluorescence
assays confirmed the successful deletion of hnRNPA2B1 in
mouse testes (Figures 7C and 7D). Inspiringly, in adult
Hnrnpa2b1 KO mice (P45), the germ cells were massively lost,
leaving only somatic cells that resembled the SCOS associated
with human infertility (Figures 7D and 7E). To ascertain the stage
at which defects in spermatogenesis occurred, we performed
histology and immunofluorescence analyses and found that
mouse Hnrnpa2b1 KO seminiferous tubules had germ cell
numbers at P1 comparable with WT Ctrls (Figures 7F and
S7G). However, germ cells started to decline at P2, then under-
went obvious loss from P3, and were either wholly depleted or
significantly reduced in Hnrnpa2b1 KO seminiferous tubules at
P7 (Figures 7F and S7G). Co-staining of TRA98 (also called
GCNA1, a germ cell marker) and WT1 at P7 and P14 further
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confirmed the phenotype of SCOS of male Hnrnpa2b1 KO
mice (Figure S7H). Thus, these data indicate that hnRNPA2B1
is essential for spermatogenesis and male fertility.

In males, arsenic poisoning significantly affects fertility,
and Sertoli cells have been identified as one of the principal tar-
gets of heavy metals, including arsenic.”® To further determine
the function of hnRNPA2B1 in SG disassembly, we first isolated
Sertoli cells from P8-P10 WT and Hnrnpa2b1 KO mouse testes
and confirmed its high purification (above 80%) by staining
with WT1 (Figure S7I). Co-staining hnRNPA2B1 and G3BP1
confirmed the deletion and primary nucleus localization of
hnRNPA2B1 in Sertoli cells (Figure 7G). hnRNPA2B1 could
also translocate onto SGs after arsenite treatment (Figure 7H),
and the SGs in mouse Hnrnpa2b1 KO Sertoli cells disassembled
exceptionally faster than WT Ctrls after R1.5h (Figures 71 and 7J),
which was similar to that in HelLa cells. hnRNPA2B1 deletion
could speed up the arsenite-induced SG disassembly in both hu-
man HelLa and mouse Sertoli cells, indicating its conserved func-
tion in maintaining SG homeostasis.

48,49

DISCUSSION

Different from the functions of the previously reported proteins
whose depletion or activity inhibition usually led to SG accumu-
lation, such as ZFAND1,*? ULK1/ULK2,°" VCP,?” HSP70,% and
HSP90,>° we identified hnRNPA2B1 as a critical regulator of
arsenite-induced SG turnover and were surprised to find that
the KO of hnRNPA2B1 accelerates the disassembly of arse-
nite-induced SGs primarily depending on the ubiquitin-protea-
some system but not the autophagy pathway. These data are
consistent with the theory that the majority of SGs are short lived
and highly dynamic and disassemble rapidly in the recovery
phase, whereas only a minor fraction of SGs that are less dy-
namic or SGs induced by prolonged stress or disease mutations
are prone to be targeted by autophagy for clearance.'®%?°°
Although hnRNPA1 and hnRNPA2B1 showed high similarity in
their protein structures, hnRNPA1 is not present in pre-stress
seed®® and plays a different role in SG disassembly with
hnRNPA2B1, which might be caused by the differences of
post-translational modifications or protein-protein interaction
between hnRNPA1 and hnRNPA2B1 during SG dynamics.

SGs are gradually disassembled in WT cells during the recovery
period, whereas they are suddenly decreased by about 50% in
half an hour. Considering that SGs are formed when the sum of
protein-protein, protein-RNA, and RNA-RNA interactions crosses
the percolation threshold and are disassembled when the interac-
tion network falls below the percolation threshold, our findings
provided the compelling hypothesis that hnRNPA2B1 can regu-
late the speed of reaching the disassembly percolation threshold
of LLPS by interacting with G3BP1; when the threshold is by-
passed, SGs probably become highly unstable and disassemble
more rapidly due to weaker protein interaction and a higher ubig-
uitination level of G3BP1 in the absence of hnRNPA2B1. In addi-
tion, we also found that hnRNPA2B1 could interact with 29 DEPs,
which included 202 proteins more enriched during the disas-
sembly process than under arsenite stress,>* thereby raising
another possibility: that hnRNPA2B1 forms a protein complex
with DEPs to be involved in SG disassembly.

Cell Reports 43, 113769, February 27, 2024 11




- ¢ CellPress

59 -+ WT
- Hnrnpa2b1-KO

) o/

] = 3

N t

Cell Reports

A98IDAP| (P45)
1 ko

Testis/Body weight (mg/g)

_WT KO

LB1 38kDa
hnRNPA2E 1|

A2 36kDa

52kDa

B-Tubulin | e -

T T T T T T T
PO P3 PT P14 P21 P28 P45

o
T

G3BP1/hnRNPA2B1/DAPI

o
T
(=]
==
8.
m
™
o
=
m
o
<
[
=
i

e
-

I G3BP1/DAPI J
As1hr R1.5hr
peny OWT ©KO
i ns
& 100-
E
> 804 * ko
2 60- %
=
E 404
w
S 204
=
0 T T
Asthr R1.5hr

Figure 7. Male Hnrnpa2b1 KO mice are infertile, and SGs disassemble faster in mouse Hnrnpa2b1 KO Sertoli cells

(A) The gross morphology of the testes, epididymis, and seminal vesicles from adult WT and Hnrnpa2b1 KO mice.

(B) Testis growth curve showing that Hnrnpa2b1 KO testes were significantly decreased from P14.

(C) Immunoblot showing the hnRNPA2B1 protein level in adult WT and Hnrnpa2b1 KO testes.

(D and E) Immunofluorescence of hnRNPA2B1 and TRA98 (D) and WT1 (E) on WT and Hnrnpa2b1 KO testicular sections. Scale bars, 50 um.

(F) Immunofluorescence of hnRNPA2B1 and DDX4 on testicular sections from WT and Hnrnpa2b1 KO mice at PO, P1, P2, P3, and P7. White asterisks indicate

agametic tubules. Scale bars, 50 um.

(G) Immunofluorescence of hnRNPA2B1 and G3BP1 in the purified Sertoli cells from P8-P10 WT and Hnrnpa2b1 KO testes. Scale bars, 10 um.

(H) Immunofluorescence of hnRNPA2B1 and G3BP1 in purified Sertoli cells treated with arsenite. Scale bars, 10 um.

() Immunofluorescence of G3BP1 in purified Sertoli cells, which were treated with arsenite (As1hr) and recovered for 1.5 h (R1.5hr). Scale bars, 10 um.
(J) Quantification of cells with SGs in (I). Experiments were performed in triplicate.

All data are shown as mean + SEM. ns, not significant. *p < 0.05, **p < 0.01, **p < 0.001 by two-tailed Student’s t test.

G3BP1 interacts with many proteins; some of them are SG
nucleators (Caprin1°®) and/or core SG components,® and
several of them have been proven to be involved in SG as-
sembly, such as Caprin1, USP10,°° and HDACB.%” However,
there is much less research on the molecular mechanism of
G3BP1-interacting proteins in regulating SG disassembly than
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SG assembly; the autophagy-inducing kinase ULK1 interacts
with several SG proteins (G3BP1, USP10, and Caprini), and
ULK1/2 regulates the SG disassembly independent of the
canonical components of the autophagy machinery but via
phosphorylation and activation the ATPase VCP.>' Another
G3BP1-interacting protein, glycyl-tRNA synthetase (GlyRS), is
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translocated to SGs upon stress, where the CMT2 (Charcot-
Marie-Tooth type 2 neuropathy)-causing mutant GlyRS ac-
quires aberrantly increased binding to G3BP1, leading to a per-
turbed G3BP1-centric core SG network and increased stress
vulnerability of motor functions,®® suggesting an SG-mediated
interplay between disease-causing genes and environmental
stress.

Emerging evidence has highlighted impaired SG dynamics as
a primary driver of cancer®® and neurodegeneration, particu-
larly in ALS and frontotemporal dementia (FTD),>°° where
mutant TDP43, FUS, C9orf72, or other pathological proteins
form insoluble protein aggregates in SGs, thus disturbing
LLPS-dependent SG dynamics.®'** Therefore, managing SG
dynamics is a promising field to develop potential therapeutic
strategies by targeting SG proteins in related disorders. We
found that ALS-causing FUSP%2'C was disassembled faster
from SGs in hnRNPA2B1 KO cells. Together with the recent
finding that NEDP1 inhibition could ameliorate ALS phenotypes
via promoting SG disassembly in C. elegans,*® it may provide a
reward to silence hnRNPA2B1 as a potential way to inhibit the
pathological progress or enhance SG clearance in related
diseases.

Importantly, the faster SG disassembly in hnRNPA2B1 KO
Hela cells was phenocopied by purified Sertoli cells from
Hnrmpa2b1 KO mice, indicating the conserved function and
regulatory pathway by hnRNPA2B1 in vitro and in vivo, raising
the hypothesis that hnRNPA2B1 is critical in maintaining SG
homeostasis of Sertoli cells to regulate spermatogenesis and
male fertility under arsenic exposure. Similar but with a reverse
function as this study, our recent work reported that RNA-bind-
ing protein SERBP1 could promote SG disassembly in both
arsenite or heat shock induction and is essential for protecting
male germ cells from thermostimulus damage.®® Therefore,
more molecular insights into SG disassembly are needed in
the future.

In summary, our data uncover a conserved role of
hnRNPA2B1 in human Hela cells and mouse Sertoli cells that in-
teracts with G3BP1 to modulate the interplay of G3BP1-USP10
and/or G3BP1-Caprin-1, thereby repressing SG disassembly
via ubiquitination of G3BP1 mediation, and reveal a critical func-
tion in spermatogenesis and male fertility. These findings may
give insights into the pathogenesis of arsenite stress-induced
diseases, including male fertility.

Limitations of the study

To investigate the reason for decreased interaction between
hnRNPA2B1 and its interaction proteins after arsenite treatment,
we performed immunoprecipitation using different hnRNPA2B1
antibodies (sc-374053 from Santa Cruz Biotechnology and
14813-1-AP from Proteintech) and using an MYC antibody after
ectopic overexpression of MYC-tagged hnRNPA2 (Figure S6C),
but the results were always the same. Coincidentally, this phe-
nomenon was also observed in the UBAP2L immunoprecipita-
tion (a high-affinity binding partner of G3BP1).® Therefore,
resolving this question will require more consideration, including
but not limited to the modification of h(nRNPA2B1 and/or its inter-
action partners or the different interaction contributions from the
nucleus and cytoplasm.
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At present, we are mainly focusing on the G3BP1-USP10 inter-
action but not the G3BP1-Caprin-1 association; it is still unclear
how hnRNPA2B1 regulates the G3BP1-USP10-Caprin-1 com-
plex to affect SG disassembly. Furthermore, except for ubiquiti-
nation, whether other factors regulate the faster SG disassembly
upon hnRNPA2B1 deletion remains unknown, as recent studies
point to heat shock proteins and RNA helicases as key regula-
tors.>* Notably, G3BP1 ubiquitination behaves differently under
arsenite and heat shock stress. Therefore, further investigations
are needed to elucidate the mechanisms of hnRNPA2B1 in SG
disassembly under arsenite and heat shock.
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Antibodies

hnRNP A2/B1 Antibody (B-7)

VCP Monoclonal Antibody

TFEB Polyclonal Antibody
Anti-Wilms Tumor Protein Antibody
Anti-ZFAND1 antibody

PABPC1 Rabbit pAb

NONO/p54nrb Rabbit pAb

USP10 Rabbit mAb

Rabbit anti GFP-Tag mAb

LC3A/B (D3U4C) XP® Rabbit mAb
Beclin-1 (D40C5) Rabbit mAb

Atg7 (D12B11) Rabbit mAb

Atg16L1 (D6D5) Rabbit mAb

Beta Tubulin Polyclonal antibody
P62,SQSTM1 Polyclonal antibody
FUS/TLS Polyclonal antibody
TDP-43 Polyclonal antibody

TIAR Monoclonal antibody

MYC tag Monoclonal antibody
G3BP1 Polyclonal antibody

VCP Polyclonal antibody

G3BP2 Polyclonal antibody
CAPRIN1 Polyclonal antibody
USP10 Monoclonal antibody

MYC tag Polyclonal antibody
GAPDH Monoclonal antibody

SFPQ Polyclonal antibody

FMR1 Polyclonal antibody

FXR1 Polyclonal antibody

FAF2 Polyclonal antibody
DYKDDDDK tag Polyclonal antibody
GFP tag Polyclonal antibody
HNRNPA1 Polyclonal antibody
Ubiquitin Rabbit monoclonal antibody
K48-ubiquitin Rabbit monoclonal antibody
K63-ubiquitin Rabbit monoclonal antibody
Mouse IgG

Rabbit IgG

HRP-conjugated Anti-Heavy Chain of Rabbit IgG
HRP, Goat Anti-Rabbit IgG

HRP, Goat Anti-Mouse IgG

HRP, Mouse Anti-Rabbit IgG LCS
HRP, Goat Anti-Rabbit IgG HCS

Santa Cruz Biotechnology
Thermo Scientific

Thermo Scientific

abcam

Sigma-Aldrich

ABclonal Technology
ABclonal Technology
ABclonal Technology
ABclonal Technology

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Proteintech

Proteintech

Proteintech

Proteintech

Proteintech

Proteintech

Proteintech

Proteintech

Proteintech

Proteintech

Proteintech

Proteintech

Proteintech

Proteintech

Proteintech

Proteintech

Proteintech

Proteintech

Proteintech

Proteintech

Abcam

Abcam

Abcam

Proteintech

Proteintech

Proteintech

Abbkine

Abbkine

Abbkine

Abbkine

Cat#sc-374053; RRID:AB_10947257
Cat#XG354371

Cat#A303-673A

Cat#AB89901; RRID:AB_2043201
Cat#HPA023383; RRID:AB_1859008
Cat#A14872; RRID:AB_2761752
Cat#A21515

Cat#A4454; RRID:AB_2863277
Cat#AEQ78

Cat#12741T; RRID:AB_2617131
Cat#3495T; RRID:AB_1903911
Cat#8558T; RRID:AB_10831194
Cat#8089T; RRID:AB_10950320
Cat#10068-1-AP; RRID:AB_2303998
Cat#18420-1-AP; RRID:AB_10694431
Cat#11570-1-AP; RRID:AB_2247082
Cat#10782-2-AP; RRID:AB_615042
Cat#66907-1-1G; RRID:AB_2882234
Cat#60003-2-1G; RRID:AB_2734122
Cat#13057-2-AP; RRID:AB_2232034
Cat#10736-1-AP; RRID:AB_2214635
Cat#16276-1-AP; RRID:AB_2878237
Cat#15112-1-AP; RRID:AB_2070016
Cat#67917-1-1g; RRID:AB_2918671
Cat#16286-1-AP; RRID:AB_11182162
Cat#60004-1-1g; RRID:AB_2107436
Cat#15585-1-AP; RRID:AB_10697653
Cat#13755-1-AP; RRID:AB_2262872
Cat#13194-1-AP; RRID:AB_2110702
Cat#16251-1-AP; RRID:AB_2262469
Cat#20543-1-AP; RRID:AB_11232216
Cat#50430-2-AP; RRID:AB_11042881
Cat#11176-1-AP; RRID:AB_2117177
Cat#ab134953; RRID:AB_2801561
Cat#ab140601; RRID:AB_2783797
Cat#ab179434; RRID:AB_2895239
Cat#B900620; RRID:AB_2883054
Cat#30000-0-AP; RRID:AB_2819035
Cat#SA00001-7H; RRID:AB_2935611
Cat#A21020; RRID:AB_2876889
Cat#A21010; RRID:AB_2728771
Cat#A25022; RRID:AB_2893334
Cat#A25222; RRID:AB_2922982
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HRP, Goat Anti-Mouse IgG LCS Abbkine Cat#A25012; RRID:AB_2737290
HRP, Goat Anti-Mouse IgG HCS Abbkine Cat#A25112; RRID:AB_2922983
Goat Anti-Rabbit IgG H&L (Alexa Fluor® 488) abcam Cat#ab150077; RRID:AB_2630356
Goat Anti-Mouse IgG H&L (Alexa Fluor® 488) abcam Cat#ab150113; RRID:AB_2576208
Goat Anti-Rabbit IgG H&L (Alexa Fluor® 594) abcam Cat#ab150080; RRID:AB_2650602
Goat Anti-Mouse IgG H&L (Alexa Fluor® 594) abcam Cat#ab150116; RRID:AB_2650601
Bacterial and virus strains

DH5a. Chemically Competent Cell Tsingke Cat#TSC-C14

Chemicals, peptides, and recombinant proteins

Bbsl NEB Cat#R3539

NaAsO2 Sigma-Aldrich Cat#S7400

D-Sorbitol Sinopharm Cat#63011034

NaCl Sinopharm Cat#10019318

BTZ Selleckchem Cat#S1013

CB-5083 Selleckchem Cat#S8101

TAK-243 Selleckchem Cat#S8341

protease inhibitor cocktail MCE Cat#HY-K0010

MG-132 MCE Cat#HY-13259

Critical commercial assays

DMEM Procell Cat#PM150210

FBS ABW Cat#AB-FBS-1050S
penicillin/streptomycin Beyotime Cat#C0222

Lipo8000 Beyotime Cat#C0533

INTERFERIin VWR Cat#89129-932

PBS Servicebio Cat#G4202

IP lysis buffer Beyotime Cat#P0013

protein A/G magnetic beads MCE Cat#HY-K0202

RNase A Beyotime Cat#ST578

5xSDS-PAGE protein loading buffer Yeasen Cat#20315ES20

skim milk Biosharp Cat#BS102

ECL reagent mixture Bio-Rad Cat#1705061

antifade mounting medium Abbkine Cat#BMU104-CN

Bouin’s solution Sigma-Aldrich Cat#HT10132

Periodic Acid-Schiff Staining Kit Beyotime Cat#C0142S

O.C.T. Sakura Finetek Cat#4583

Deposited data

List of hnRNPA2B1-interacting
proteins identified by IP-MS

This paper

jPOST: JPST002463
PXID:PXD048539

Experimental models: Cell lines

Hela Laboratory of Shuigiao Yuan N/A
Experimental models: Organisms/strains

floxed-Hnrnpa2b1 mice Cyagen Biosciences (Suzhou) Inc S-CKO-11602
Oligonucleotides

HNRNPA2B1-Gene knockout-sgRNAT: ShangHai Sangon Biotech N/A
CAAGACCTCATTCAATTGAT

HNRNPA2B1-Gene knockout-sgRNA2: ShangHai Sangon Biotech N/A
TGGCTGAGGTTGATGCTGCC
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HNRNPA2B1-Genotyping of KO Hela cell-Forward: ShangHai Sangon Biotech N/A
CATGGAGGAAATAACTATCAG

HNRNPA2B1-Genotyping of KO HelLa cell-Reverse: ShangHai Sangon Biotech N/A
CAACAATATTAAGCAGCTTC

TFEB-Gene knockdown-siRNA1(605): ShangHai Sangon Biotech N/A
GAACAAGUUUGCUGCCCACAUTT

TFEB-Gene knockdown-siRNA2(1037): ShangHai Sangon Biotech N/A
GAGACGAAGGUUCAACAUCAATT

SQSTM1(p62)-Gene knockdown-siRNA1(272): ShangHai Sangon Biotech N/A
CGAGGAAUUGACAAUGGCCAUTT

SQSTM1(p62)-Gene knockdown-siRNA2(371): ShangHai Sangon Biotech N/A
CCGAAUCUACAUUAAAGAGAATT

HNRNPA1-Gene knockdown-siRNA1(399): ShangHai Sangon Biotech N/A
AGAUAUUUGUUGGUGGCAUUATT

HNRNPA1-Gene knockdown-siRNA2(668): ShangHai Sangon Biotech N/A
CGAAGUGGUUCUGGAAACUUUTT

USP10-Gene knockdown-siRNA1: ShangHai Sangon Biotech N/A
CCAUAAAGAUUGCAGAGUUTT

USP10-Gene knockdown-siRNA2: ShangHai Sangon Biotech N/A
CAAACAAGAGGUUGAGAUATT

Recombinant DNA

hnRNPA2-FL-Plasmid construction-Forward: ShangHai Sangon Biotech N/A
GTCGAATTCGGATGGAGAGAGAAAAGGAACAGT

hnRNPA2-FL-Plasmid construction-Reverse: ShangHai Sangon Biotech N/A
GATCTCGAGGTATCGGCTCCTCCCACCATAAC

hnRNPA2-N-Term-Plasmid construction-Forward: ShangHai Sangon Biotech N/A
GTCGAATTCGGATGGAGAGAGAAAAGGAACAGT

hnRNPA2-N-Term-Plasmid construction-Reverse: ShangHai Sangon Biotech N/A
GATCTCGAGTTGTCTAGACAAAGCCTTTC

hnRNPA2-RRM1-Plasmid construction-Forward: ShangHai Sangon Biotech N/A
GTCGAATTCGGATGGAGAGAGAAAAGGAACAGT

hnRNPA2-RRM1-Plasmid construction-Reverse: ShangHai Sangon Biotech N/A
GATCTCGAGTCTTGCTACAGCACGTTTTGGC

hnRNPA2-RRM2-Plasmid construction-Forward: ShangHai Sangon Biotech N/A
GTCGAATTCGGAAGAAGCTGTTTGTTGGCGGAA

hnRNPA2-RRM2-Plasmid construction-Reverse: ShangHai Sangon Biotech N/A
GATCTCGAGTTGTCTAGACAAAGCCTTTC

hnRNPA2-C-Term-Plasmid construction-Forward: ShangHai Sangon Biotech N/A
GTCGAATTCGGGAAATGCAGGAAGTTCAGAGTT

hnRNPA2-C-Term-Plasmid construction-Reverse: ShangHai Sangon Biotech N/A
GATCTCGAGGTATCGGCTCCTCCCACCATAAC

hnRNPA2-D290V-Plasmid construction-Forward1: ShangHai Sangon Biotech N/A
GTCGAATTCGGATGGAGAGAGAAAAGGAACAGT

hnRNPA2-D290V-Plasmid construction-Reverse1: ShangHai Sangon Biotech N/A
CATTGTAATTTCCACTTCCATAA

hnRNPA2-D290V-Plasmid construction-Reverse2: ShangHai Sangon Biotech N/A
GCTGGTTATAATTTCCAAAAACATTGTAATTTCC

ACTTCCATAA

hnRNPA2-D290V-Plasmid construction-Forward2: ShangHai Sangon Biotech N/A
TTTTGGAAATTATAACCAGCAAC

hnRNPA2-D290V-Plasmid construction-Reverse3: ShangHai Sangon Biotech N/A

GATCTCGAGGTATCGGCTCCTCCCACCATAAC
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REAGENT or RESOURCE SOURCE IDENTIFIER
Hnrnpa2b1-KO-Genotyping of KO mice-Forward: ShangHai Sangon Biotech N/A
ATTTCGTTGTGCAGTCATAGGTCC

Hnrnpa2b1-KO-Genotyping of KO mice-Reverse1: ShangHai Sangon Biotech N/A
CATGAAGAATGCTGAAACTCCAGA

Hnrnpa2b1-KO-Genotyping of KO mice-Reverse2: ShangHai Sangon Biotech N/A

TCCTGCAGCTTGTTACCAATTACT

Software and algorithms

Metascape https://metascape.org/ N/A
STRING https://cn.string-db.org/ N/A
Photoshop Adobe N/A
Prism GraphPad N/A
Imaged NIH N/A
Biorender https://app.biorender.com/ N/A

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dr. Shui-
giao Yuan (shuigiaoyuan@hust.edu.cn).

Materials availability
Reagents describe in this paper are available from the lead contact upon request with a completed Material Transfer Agreement.

Data and code availability
® |IP-MS data have been deposited at jPOST (JPST002463) and are publicly available.
o All data reported in this paper will be shared by the lead contact upon request.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon
request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Generation of Hnrnpa2b1 gene knockout mice

Hnrnpa2b1 global knockout (KO) mice were created using Cre/LoxP breeding strategy. In brief, floxed-Hnrnpa2b1 mice (Cat# S-CKO-
11602) purchased from Cyagen Biosciences (Suzhou) Inc. were bred with Vasa-Cre mice to generate Vasa-Cre, Hnrmpa2b1*/1°*
males, and the male Vasa-Cre, Hnrnpa2b1*/1°* mice were further crossed with wild-type (WT) female mice to obtain Hnrmpa2b1*/~
heterozygous mice. Then, the Hnrnpa2b1*/~ males were bred with Hnrnpa2b1*/~ females to generate the Hnrnpa2b1~/~ (designated
as Hnrnpa2b1 KO) males. The PCR primer sequences for genotyping are listed in the key resources table in the STAR Methods.

hnRNPA2B1 knockout HelLa cell line generation

hnRNPA2B1 genomic locus editing was mediated by CRISPR/Cas9 D10A nickase, two specific sgRNAs (sgRNA1:
5-CAAGACCTCATTCAATTGAT-3’; sgRNA2: 5'-TGGCTGAGGTTGATGCTGCC-3') targeting exon 4 were ligated into Bbsl (NEB:
R3539) digested pX335 vector according to the previous description,®® then Hela cells were co-transfected with pX335-sgRNA1
and pX335-sgRNA2 plasmids for 36 h and single-cell clones were seeded into 96-well plates. Individual clones were expanded,
tested by DNA sequencing of a PCR amplicon spanning the predicted Cas9 cleavage site, and further confirmed by the TA clone.
Clones with disruptive indels in both hnRNPA2B1 alleles were then tested by western blot for the hnRNPA2B1 protein level.
hnRNPA2B1 knockout of Hela cell line was performed in the Cell Laboratory, Institute of Reproductive Health, Tongji Medical Col-
lege, Huazhong University of Science and Technology, by X.W and Y.W.

Mice

Allmice used in this study were C57BL/6J gene background, and raised in a pathogen-free mouse house in the Animal Center of Tongji
Medical College, Huazhong University of Science and Technology. All animal work was performed and approved by the Institutional
Animal Care and Use Committee (IACUC) of Huazhong University of Science and Technology. J.Z. was responsible for the feeding of
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mice. Male mice of a specific age from 0 days after birth to adulthood were selected for phenotypic analysis, and male mice of post-
natal 8-10 day were selected for Sertoli cell isolation.

METHOD DETAILS

Plasmids and siRNA construction

For the generation of hnRNPA2B1 variants, PCR-amplified sequences were ligated into the pCMV-Myc vector. FLAG-tagged WT
FUS and FUS-R521C plasmids were kindly gifts from Dr. Juanjuan Gong in Beijing Children’s Hospital at Capital Medical University.
GFP-tagged USP10 plasmid were kindly gifts from Dr. Xiaochuan Wang in Tongji Medical College of Huazhong University of Science
and Technology. siRNAs against human TFEB, p62, hnRNPA1 and USP10 were purchased from Sangon Biotech (Shanghai) with
sequences listed in the key resources table in the STAR Methods.

Cell culture and transfection

Hela cells were cultured in DMEM (Procell, PM150210) supplemented with 10% fetal bovine serum (FBS, ABW, AB-FBS-1050S) and
1% penicillin/streptomycin (Beyotime, C0222) in a humidified incubator at 37°C with 5% CO,. For transfection, Lipo8000 (Beyotime,
C0533) was used for plasmid transfection and INTERFERIin (VWR, 89129-932) was applied for siRNA transfection separately accord-
ing to the experimental method provided by the manufacturer. Studies were conducted using MG-132(10 uM, MCE, HY-13259),
which was treated 4 h before harvesting cells.

Arsenite treatment, heat shock and drug treatments

Stress granules were induced by adding NaAsO, (Sigma-Aldrich, S7400), D-Sorbitol (0.4 M, Sinopharm, 63011034), and NaCl (0.2 M,
Sinopharm,10019318) into the cell culture medium for 1 h in a humidified incubator at 37°C with 5% CO.. For heat shock induction,
cells were transferred to a humidified incubator at 43°C with 5% CO,, for 1 h. For drug inhibition, the cells were pretreated with Ba-
filomycin A1 (200 nM, Sangon Biotech, A601116) for 6 h, chloroquine (40 uM, Sigma-Aldrich, 50-63-5) for 6 h, BTZ (5 pM, Selleck-
chem, S1013) for 25 min, CB-5083 (5 uM, Selleckchem, S8101) for 6 h, and TAK-243 (1 uM, Selleckchem, S8341) for 25 min, respec-
tively, followed by SG induction with arsenite for 1 h and recovery for up to 2.5 h in the continued presence of the drugs, with DMSO as
a negative control.

Immunoprecipitation

Cells were rinsed with PBS (Servicebio, G4202), scraped off with a cell scraper (NEST, 710011), and lysed with IP lysis buffer (Be-
yotime, P0013) supplemented with protease inhibitor cocktail (MCE, HY-K0010). After centrifuge, cell supernatants were incubated
with primary antibodies or normal IgG conjugated with protein A/G magnetic beads (MCE, HY-K0202) at 4°C overnight. RNase A di-
gestions were carried out by adding RNase A (Beyotime, ST578) to cell lysates at a final concentration of 20 ng/mL, followed by
30 min incubation at room temperature (RT). Beads were washed five times with lysis buffer and the eluted proteins were diluted
by 5xSDS-PAGE protein loading buffer (Yeasen, 20315ES20). The obtained samples were analyzed by western blotting.

Mass spectrometry

After the target protein Co-IP experiment, the obtained protein was enzymolysis, and then the peptide concentration was determined
by OD280 for LC-MS analysis. During LC-MS/MS analysis, appropriate peptide segments were taken for chromatographic separa-
tion using the Easy nLC 1200 chromatographic system (Thermo Scientific) with nanoliter flow rate, and samples were injected into
Trap Column (100um*20mm, 5um, C18). The chromatographic column (75um*150mm, 3um, C18, Dr. Maisch GmbH) was then used
for gradient separation. The peptide was isolated and then analyzed by DDA (Data-dependent Acquisition) mass spectrometry using
Q-Exactive mass spectrometer (Thermo Scientific). MaxQuant database was used for retrieval, and then experimental results and
data analysis were carried out.

Western blotting

Cells were washed twice with cold PBS, suspended in lysis buffer (Beyotime, P0013), followed by adding the appropriate amount of
5xsample buffer (Yeasen, 20315ES20) to 1x and denatured at 98°C for 10 min. Proteins were separated by 10% SDS-PAGE and
transferred onto polyvinylidene difluoride membranes (Millipore, IPYH00010). The membrane was blocked with 10% skim milk (Bio-
sharp, BS102) in TBST (50 mM Tris-Cl, pH 7.5, 150 mM NaCl, 0.1% Tween 20) for 1 h at RT and incubated with the indicated primary
antibodies in blocking solution at 4°C overnight on a shaker. After three times washing (10 min each) with TBST, the membranes were
incubated with HRP-conjugated secondary antibody in TBST for 1.5 h at RT, rewashed three times with TBST, and incubated with
ECL reagent mixture (Bio-Rad, 1705061) and visualized using ChemiDoc XRS+ system (Bio-Rad). The antibodies used are listed in
the key resources table in the STAR Methods.

Immunofluorescence of cells

Cells were seeded to 70% confluence on circular coverslips in a 24-well plate for 24 h before treatment. Cells were then fixed in 4%
paraformaldehyde (PFA) for 15 min at RT, infiltrated with 0.25% Triton X-100 in PBS for 10 min, and blocked with 5% BSA for 1 h at
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RT. After incubation with a primary antibody in 5% BSA overnight at 4°C, cells were washed three times (10 min each) with PBS,
incubated with a fluorophore-coupled secondary antibody for 2 h at RT, dyed with 4’,6-diamidino-2-phenylindole (DAPI), rewashed
with PBS three times, mounted with antifade mounting medium (Abbkine, BMU104-CN) and sealed with nail polish. Images were
obtained using a confocal microscope LSM900 (Zeiss).

Histological analysis and immunostaining of testis

Mouse testes from WT and Hnrnpa2b1 KO mice were fixed in Bouin’s solution (Sigma-Aldrich, HT10132) or 4% PFA at 4°C overnight
for histology or immunostaining. For histological analysis, samples were embedded in paraffin and sectioned (5 um-thick) using a
Scientific CryoStar NX50 cryostat (ThermoFisher). Paraffin sections were subjected to PAS staining using Periodic Acid-Schiff Stain-
ing Kit (Beyotime, C0142S) following the manufacturer’s instructions. For immunostaining, PFA-fixed testes were processed with
gradient sucrose, embedded in O.C.T. (Sakura Finetek, 4583), sectioned (5 um-thick), and subjected to antigen retrieval in a micro-
wave oven with 0.01 M sodium citrate buffer (pH = 6.0). After blocking in 1% BSA supplemented with 5% normal donkey serum and
5% FBS for 1 h at RT, samples were incubated with primary antibodies in a blocking solution at 4°C overnight. Then, the samples
were incubated with fluorophore-coupled secondary antibodies for 2 h at RT after washing 3 times (10 min each) and dyed with
4’ 6-diamidino-2-phenylindole (DAPI). Images were captured using a confocal microscope LSM900 (Zeiss).

Sertoli cell purification

Sertoli cells were isolated as described previously with minor modifications.®” In brief, after removing tunica albuginea, the testes
(postnatal day 8-10) were digested with collagenase IV (1 mg/mL) at 37°C for 10 min, centrifuged at 70 g for 1 min at RT to remove
Leydig/interstitial cells and resuspended with PBS. Subsequently, seminiferous tubules were incubated with 0.25% Trypsin and
DNase | (0.5 mg/mL) for 3 min at 37°C in the shaker, added an equal volume of DMEM/F12 containing 10% FBS (called complete
F12 medium) to terminate digestion and centrifuged at 1000 rpm for 3 min. After discarding the supernatant, the mixture containing
SCs was resuspended with F12 medium and filtered with 40 pum pore-size nylon mesh. The obtained pellet was suspended and
cultured in F12 medium at 35°C with 5% CO, for 30 min, then the medium with non-adherent germ cells was removed, and the re-
mained Sertoli cells were grown in F12 medium for subsequent experiments.

Fluorescence recovery after photo bleaching

FRAP measurements were performed with the LSM900 Confocal Microscope (Zeiss). WT and hnRNPA2B1 KO cells were seeded
into glass-bottom cell culture dish (NEST, Cat. 801001) and were transfected with GFP-G3BP1 plasmids the next day. 14 h later, cells
were incubated with 0.5 mM arsenite for 30min. Photobleaching of SGs occurred 6s into capture, using the 488-nm FRAP laser to
bleach the green channel. Data was analyzed in ImageJ employing the FRAP plugin, specific regions of interest (ROls) were gener-
ated in the photobleach region, a nonphotobleached cell, and the background for each time-lapse, and the mean fluorescent inten-
sity of each was extracted. These values were exported into GraphPad Prism, where fit FRAP curves were generated.

QUANTIFICATION AND STATISTICAL ANALYSIS

All data are presented as Mean + S.E.M. unless otherwise noted in the figure legends. Statistical differences between datasets were
assessed using a two-tailed Student’s t-test, and p-values were denoted in figures by *p < 0.05; **p < 0.01; ***p < 0.001. Go ontology
and protein-protein interaction network were analyzed online by using Metascape (https://metascape.org/) or STRING (https://cn.
string-db.org/). Images and data quantitation were processed by Photoshop or GraphPad Prism software, respectively. Graphical
abstract was created with BioRender.com.
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