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Dephosphorylation of Tak1 at Ser412 greatly
contributes to the spermatocyte-specific testis
toxicity induced by (5R)-5-hydroxytriptolide in
C57BL/6 mice†

Xinming Qi,‡a Chunzhu Li,‡a Chunyong Wu,b Cunzhi Yu,a Mingxia Liu,a Man Gao,a

Chenggang Li,a Hong Yana and Jin Ren*a

(5R)-5-Hydroxytriptolide (LLDT-8), a novel triptolide derivative, will proceed to phase II clinical trials for

the treatment of rheumatoid arthritis and cancer. However, the selection of disease and patients is largely

limited by the testis toxicity, yet toxicity mechanisms are still poorly understood. In this study,

LLDT-8 dose and time-dependently decreased the testes weight, germinal cell layers and induced abnor-

mal spermatid development. Analysis of the germ cell-specific marker showed that spermatocytes were

more sensitive to LLDT-8, which was confirmed by the in vitro sensitivity assay with spermatocyte-like

GC-2spd and sertoli-like TM4 cells. In GC-2spd, LLDT-8 induced G1/S arrest and apoptosis. MAPK activity

screening identified that TGF-β activated kinase 1 (Tak1) is critical in LLDT-8 induced apoptosis. LLDT-8

reduced the Tak1 protein and dephosphorylated Tak1 at Ser412 in GC-2spd and the testes, but not in

TM4. RNAi mediated depletion or pharmacologic inhibition of Tak1 induced apoptosis in GC-2spd. Mean-

while, activating Tak1 rescued up to 50% of the GC-2spd cells from the apoptosis induced by LLDT-8.

Altogether, our study firstly revealed the important role of Tak1 in the survival of spermatocytes, and

dephosphorylation of Tak1 at Ser412 may contribute to the spermatocyte-specific testis toxicity induced

by LLDT-8.

Introduction

Triptolide has unique anti-inflammatory, immunosuppressive
and anticancer activities.1–4 Owing to its severe toxicity and
poor water solubility, multiple triptolide analogues have been
developed and evaluated for their safety and efficacy in clinical
trials.5–9 However, none of these clinical trials have proceeded
into phase II. The frequent, severe toxicity that occurred in the
gastrointestinal tract, skin, liver, kidney and reproductive
system prevented triptolide and its derivatives from further
clinical trials7,8,10

(5R)-5-Hydroxytriptolide (LLDT-8) is a novel triptolide
derivative, has potent immunosuppressive, anti-inflammatory
and anticancer activities, and now is ready to enter phase II

clinical trials in China for the treatment of rheumatoid arthri-
tis and cancer.11–14 LLDT-8 suppresses the activation of T and
B cells, reduces the production of the Th1 type cytokines (IFN-
γ, IL-2) and inflammatory cytokines (TNF-α, IL-16), and inhi-
bits NF-kB activation triggered by lipopolysaccharides.11,15

LLDT-8 also displays potent anticancer activity via its transcrip-
tion inhibition.14 Unlike the systemic toxicity induced by trip-
tolide, LLDT-8 only induced testicular injury in rodents
(unpublished data in our group), while the testis toxicity
largely limited the selection of disease and patients in the
ongoing clinical trials of LLDT-8 and the mechanisms remain
unknown.

TGF-β activated kinase 1(TAK1, MAP3K7) is a central regula-
tor of cell death and is activated through a diverse set of intra-
and extracellular stimuli, which controls cell viability and
inflammation through activating NF-kB, mitogen-activated
protein kinases and receptor interacting protein kinase.16–18

TAK1 activation correlates with phosphorylation of Thr184,
Thr187 and Ser192 in its activation loop.19,20 Recently, Ser412
is also found to be required for its activation.21–24 However,
the role of TAK1 in the testis is still unknown.

Here, we report that inhibition of Tak1 and its Ser412 phos-
phorylation repressed the survival of spermatocyte-like cells.
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LLDT-8 induced apoptosis via dephosphorylation of Tak1 at
Ser412, which may contribute to the spermatocyte specific
testis toxicity of LLDT-8.

Materials and methods
Materials

(5R)-5-Hydroxytriptolide (99.9%) was kindly provided by Pro-
fessor Yuanchao Li (Shanghai Institute of Materia Medica,
Shanghai, China). All other chemicals were commercially avail-
able and purchased as reagent grade from Sigma-Aldrich
(St Louis, USA). The following antibodies were used for
western blotting: Tak1, phosphor-Tak1 (Ser412), phosphor-
Tak1 (Thr184/187), JNK, phosphor-JNK, P38, phosphor-P38,
ERK1/2 and phosphor-ERK1/2 (Cell signaling), RNA poly-
merase II (Millipore), and β-actin (Santa Cruz).

Ethics statement, animal care and study design

Animal-use protocols were approved by the Institutional
Animal Care and Use Committee of the Shanghai Institute of
Materia Medica (Shanghai, China), IACUC No. 2014-07-RJ-88.
C57BL/6 mice (9–12weeks old) were used in this study. All
animals were maintained under controlled temperature with a
light/dark cycle. Food and water were provided ad libitum.

Male C57BL/6 mice (9 weeks old, 22–24 g body weight) were
used in the studies of toxicity of (5R)-5-hydroxytriptolide
(LLDT-8) (0.5 and 1.0 mg kg−1). LLDT-8 was consecutively
administered by gavage for 30 days. The control group received
saline. Mice were sacrificed on the 15th, 21st and 30th day post-
administration and the blood, liver, kidney, spleen, testis and
epididymis were collected. The main lobe of the liver, kidney,
spleen and epididymis were fixed in 10% neutral buffered for-
malin for histological examination, the left testicle was fixed in
Davidson’s buffer for 16 hours followed by 10% neutral
buffered formalin. The tissue sections were stained with hema-
toxylin and eosin (H&E). The remaining tissues were stored at
−80 °C for RNA and protein extraction.

Serum levels of blood urea nitrogen (BUN), creatine (Cre),
alanine aminotransferase (ALT), aspartate transaminase (AST)
and other indexes were determined using an automatic
Hitachi Clinical Analyzer Model 7080 (Hitachi High-Techno-
logies Corporation, Tokyo, Japan).

Cell culture and proliferation assay

Mouse TM4 (sertoli cells, ATCC number: CRL-1715), and
GC-2spd (spermatocytes, ATCC number: CRL-2196) were pur-
chased from ATCC (Manassas, VA, USA). These cells were
grown under a 5% CO2 atmosphere at 37 °C. TM4 was cultured
in DMEM supplemented with 5% horse serum and 2.5% fetal
bovine serum. GC-2spd was cultured in DMEM supplemented
with 10% fetal bovine serum. Cell viability was determined
using the MTT assay. Cell number count was performed with
the Vi-Cell XR cell counter (Beckman Coulter).

Western blotting

After drug treatment, the cells were washed twice with ice-cold
phosphate-buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl,
10 mM Na2HPO4, and 1.8 mM KH2PO4, pH 7.4) and lysed in
sodium dodecyl sulfate (SDS) sample buffer. Cell lysates, con-
taining equal amounts of protein, were separated by SDS–
PAGE and transferred to polyvinylidine difluoride membranes.
After blocking in 5% nonfat milk in TBST (Tris-buffered saline
containing 0.1% Tween-20, pH 7.6), the membranes were incu-
bated with the appropriate primary antibodies at 4 °C over-
night and then exposed to secondary antibodies for 1 h at
room temperature. Immunoreactive proteins were visualized
using the enhanced chemiluminescence system (Millipore,
Shanghai, China).

RNA interference

The following sequence for TAK1–siRNA was designed and syn-
thesized by GenePharma (Shanghai, China): 5′-GGCGCCUGAA-
GUAUUUGAATT. The scrambled siRNA sequence was 5′-
AUUGUCAGACUGACGUCGU. Before transfection, 8 × 104

GC-2spd cells were seeded in a 6-well plate for 16 h. For transi-
ent transfections, 4 μl of Lipofectamine 2000 (Invitrogen) were
mixed with 250 μl of Opti-MEM (Invitrogen) and incubated for
5 min at room temperature. Additionally, 2.5 μl of siRNA
duplex (20 μM) were mixed with 250 μl of Opti-MEM. Then the
Lipofectamine-containing mix was added dropwise to the
siRNA containing mix and incubated at room temperature for
another 20 min. The Lipofectamine/siRNA mix were added to
GC-2spd cells and incubated for 4 h before addition of
medium with serum (10%) overnight. After 72 h-transfection,
GC-2spd cells were harvested for protein extraction, cell
number count and apoptosis assay.

Construction of lentiviral vectors for Tak1 overexpression

Based on the published murine Tak1 (NM_009316.1), a
forward primer with an XbaI and a reverse primer with an
EcoRI restriction site were synthesized for the cloning of Tak1:
forward 5′-CTAGTCTAGAGCCGCCACCATGTCGCAGGTCCTGAA-
CTTCG and reverse 5′-CCGGAATTCTCATGAAGTGCCTTGTCG-
TTTCTGCTG. PrimeStar High Fidelity enzyme (Takara, Dalian,
China) was used to perform PCR on cDNA from murine testis.
Agarose gel electrophoresis revealed a single DNA product of
about the expected size (1740 bp), which was used for cloning
into the eukaryotic expression vector pcDNA3.1(−). The entire
Tak1–cDNA insert was sequenced. By using this expression
plasmid as a template, constitutively active Tak1 (CA-Tak1,
lacking the 22 N-terminal amino acids as described by Yama-
guchi et al.25) was cloned into pCDH vector, a lentiviral vector.
The lentiviral particles were generated by calcium-phosphate
using a three-plasmid system in 293 cells. After 48 h transfec-
tion, the supernatant was collected and filtered by using
0.45 μM filters and stored at −80 °C for infection. Before infec-
tion, 1 × 105 GC-2spd cells were seeded in 6 cm dishes. After
16 h, the supernatant containing lentiviral particles were
added and puromycin (1.2 μg mL−1) was used for the selection
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and maintenance of GC-2spd cells with stably expressed
CA-Tak1.

Flow cytometry

Cell cycle distribution was measured using a FACScan flow
cytometer (BD Biosciences, San Jose, CA, USA) after standard
fixation and propidium iodide staining and analyzed with Cell-
Quest and ModFit LT3.0 software. In GC-2spd and TM4 cells,
the Annexin V-FITC and propidium iodide dual labeling kit
was used (Dojindo, Shanghai, China) according to the manu-
facturer’s instructions. In GC-2spd cells with stably expressed
CA-Tak1, the Annexin V-PE/7-AAD dual labeling kit was used
(BD Pharmingen).

Quantitative real-time PCR (qPCR)

Total RNA from mouse testis was extracted using the UNIQ-10
total RNA isolation kit (Sangon Biotech, Shanghai, China). The
remaining genomic DNA in the total RNA was digested using
RNase-free DNase I (Fermentas, Burlington, Canada). DNase-
digested RNA was reverse transcribed into cDNA using the
PrimeScript RT reagent kit (TaKaRa, Dalian, China). DNase-
digested RNA without reverse transcription was used as a nega-
tive control. QPCR was carried out using the SYBR Premix Ex
Taq (TaKaRa) with primers listed in the ESI.† QPCR cycle para-
meters were: 95 °C for 10 s, followed by 40 cycles of 95 °C for
5 s, and 60 °C for 30 s with a melting-curve analysis at the end
of the protocol. The amplification process was performed on a
Rotor Gene Q PCR system (QIAGEN, Shanghai, China) and
data were analyzed by the 2−ΔΔCt methods using the Sequence
Detection Software.

Primers for QPCR

GATA binding protein 1 (gata1, NM_008089):
Forward: 5-CAGGTTTCTTTTCCTCTGGG-3, reverse: 5-AA-

AGGACTGGGAAAGTCAGC-3
Phosphoglycerate kinase-2 (pgk2, NM_031190):
Forward: 5-CTGTTGCTGATGAGCTCAAG-3, reverse: 5-ACT-

CCGACCATAGAACTGTG-3
Zbtb16 zinc finger and BTB domain containing 16 (Plzf,

NM_001033324):
Forward: 5-TGAGATCCTCTTCCACCGAA-3, reverse: 5-GTA-

GGACTCATGGCTGAGAGA-3
Deleted in azoospermia-like (Dazl, NM_010021):
Forward: 5-CCTCCA ACCATGATGAATCC-3, reverse: 5-TCT-

GTATGCTTCGGTCCACA-3
Heat shock protein a2 (Hspa2, NM_008301):
Forward: 5-CATCATCAATGAGCCCACAG-3, reverse: 5-TCTTG-

TGTTTGCGCTTGAAC-3
Protamine 1 (Prm1, NM_013637):
Forward: 5-ATGCTGCCGCAGCAAAAGCA-3, reverse: 5-CACC-

TTATGGTGTATGAGCG-3
Gapdh (NM_008084):
Forward: 5-GGCTACACTGAGGACCAGGTT-3, reverse: 5-TGC-

TGTAGCCGTATTCATTGTC-3

Tak1 (NM_009316.1):
Forward: 5-GGGCTGTTCATAATGGCACT-3, reverse: 5-GAGT-

TGCTCTGCCCTTCATC-3

Immunohistochemistry

Paraffin-embedded sections (5 μm) of testes were mounted
together on a gelatin-coated glass slide and dried overnight at
37 °C. The sections were dewaxed in xylene and hydrated in a
graded series of alcohols. The sections were boiled three times
for 10 min each in 0.01 M sodium citrate using a microwave
oven. The sections were then incubated in 0.35% H2O2 in PBS
for 10 min. Blocking occurred in 5% BSA (Sigma, St Louis,
MO)/5% goat serum (Dingguo, Shanghai, China). The slides
were then incubated with rabbit polyclonal antibodies against
γ-H2AX diluted 1 : 50 in PBS including 1% BSA in a humidified
chamber overnight at 4 °C. Incubation with the secondary bio-
tinylated goat anti-rabbit IgGs (Santa Cruz Biotechnology,
Santa Cruz, CA) diluted 1 : 100 in PBS including 1% BSA was
performed in a humidified chamber for 60 min at room temp-
erature. The horseradish peroxidase avidin–biotin complex
reaction was performed according to the manufacturer’s proto-
col (Dingguo, Shanghai, China). The bound antibodies were
visualized using 0.3 μg μl−1 3,3′-diaminobenzidine (DAB;
Sigma) in PBS, to which 0.03% H2O2 was added. The sections
were counterstained with hematoxylin.

Statistical analysis

Statistical analysis was performed using two-tailed Student’s
t tests or one-way analysis of variation (one way anova) with the
post hoc test method. A probability of <0.05 was considered to
be statistically significant.

Results
LLDT-8 induced spermatocyte-specific testis toxicity in
C57BL/6 mice

The dosage of LLDT-8 (0.5, 1 mg kg−1) (Fig. 1) in this study
was the same as that of LLDT-8 for the treatment of cancer
and rheumatoid arthritis in animal models.26 LLDT-8 (0.5,
1.0 mg kg−1) caused dose and time-dependent decrease of the
testis weight (Fig. 2A and S1A, B†). As shown in Fig. S1D,† the

Fig. 1 The structure of LLDT-8.
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testes in the ‘Saline’ group had normal spermatid develop-
ment. In the ‘LLDT-8’ group, the testes showed reduced germ-
inal cell layers (Fig. 2E2, E3 and F1–F3, star), severe vacuolar
degeneration (Fig. 2F2 and F3, asterisk) and abnormal
development of spermatids (Fig. 2E1–E3 and F1–F3, arrow). At
the end of administration of LLDT-8 (1.0 mg kg−1, 30 day), the
seminiferous tubules had lost the normal morphology; only a
few spermatogonia or primary spermatocytes could be
observed (Fig. 2F3). On the other hand, LLDT-8 did not induce
any abnormality in other tissues including the epididymis,
liver, kidney, spleen and blood circulation (Fig. S1C, S2
and S3†).

To further elucidate the mechanisms of LLDT-8-induced
testis toxicity, we investigated transcript levels of germ cell-
specific differentiation markers.27 Gata1 (a marker for sertoli
cells) and Plzf (a marker for germ stem cell and spermatogo-
nial differentiation) were normally expressed in the testes
(Fig. S1E and F†),28 while Dazl (a marker for Type B spermato-

gonia and primary spermatocytes),29,30 Pgk2 (a meiotic sper-
matocyte marker)31,32 and Hspa2 (a marker for post-meiotic
spermatocytes and spermatids)33 were decreased from the 15th

or 21st day (Fig. 2B–D). Prm1 (a spermatid-specific marker)34

was rapidly decreased from the 15th day (Fig. S1G†).
The phosphorylation of histone H2AX at serine 139

(γ-H2AX) is widely used as a marker for DNA double-strand
breaks (DSBs). In the testes, γ-H2AX has an essential role in
spermatogenesis. One prominent feature of the initiation of
meiosis is the formation of genome-wide DSBs which are a
prerequisite of homologous recombination. DSBs are specifi-
cally marked by γ-H2AX, which is distributed globally at the
leptotene and zygotene stages but concentrated in the asy-
napsed XY body at the pachytene and diplotene stages. There-
fore, the γ-H2AX level can well reflect the meiotic progress in
spermatocytes, such as synapsis, DSB formation or meiotic
recombination.35,36 In this study, the protein level and distri-
bution of γ-H2AX were examined in the testes. In this study,

Fig. 2 LLDT-8 induced spermatocyte-specific testis toxicity in C57BL/6 mice. Mice (n = 3–5) were weighed before sacrificing on the 15th, 21st and
30th day post-administration of LLDT-8 or saline. The testes were collected and weighed. (A) Testis relative weight (testis absolute weight vs. body
weight) is shown here; body weight and testis weight are shown in Fig. S2.† (B–D) The transcript levels of markers for spermatocytes were detected
by qPCR. Dazl: a marker for type B spermatogonia and primary spermatocytes; Pgk2: a marker for meiotic spermatocytes; Hspa2: a marker for
post-meiotic spermatocytes and spermatids. (E and F) The left testicle of each mouse was stained with H&E (×40); the ‘Saline’ group is shown in
Fig. S2.† The ‘LLDT-8’ groups are shown here. Star: reduction of germinal layers; asterisk: vacuolar degeneration; arrow: abnormally developed sper-
matids. (G–H) The γ-H2AX level in mice testes is shown. The γ-H2AX level indicates the number of pachytene spermatocytes. The data are shown as
mean ± SD; significant difference was determined by one way Anova, N = 3, *P < 0.05, **P < 0.01, ***P < 0.001 vs. the saline group.
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the protein level of γ-H2AX was reduced by LLDT-8 from the
21st day (Fig. 2G and H). The distribution of γ-H2AX was also
dramatically changed by LLDT-8. 1.0 mg kg−1 of LLDT-8 time-
dependently decreased the number of γ-H2AX-positive germ
cells. At the end of exposure, the γ-H2AX-postive germ cells
almost completely disappeared (Fig. S4†). The disappeared
γ-H2AX-postive germ cells strongly indicated the disrupted
meiotic progress in the spermatocytes and the loss of various
stages of the spermatocytes during the treatment of LLDT-8.

Using spermatocyte-like cell line GC-2spd and sertoli like
cell line TM4, we also found that GC-2spd was more sensitive
to LLDT-8 than TM4 (Fig. 3A). Taken together, all the above
data strongly indicated that spermatocytes are the main target
of LLDT-8 in the testes.

LLDT-8 induced G1/S phase arrest and cellular apoptosis in
GC-2spd

GC-2spd, a spermatocyte-like cell line was used to investigate
the effects of LLDT-8. Cell cycle progression and apoptosis

were examined by flow cytometry. After 24 h-exposure, LLDT-8
(500 nM) resulted in apoptotic cell death in over 10% GC-2spd
(Fig. 3B). LLDT-8 at 250 nM increased the percentage of
GC-2spd cells in the S phase, while LLDT-8 at 500 nM
increased the percentage of GC-2spd cells in the G1 phase
(Fig. 3C and D).

LLDT-8 rapidly dephosphorylated Tak1 at Ser412 in GC-2spd
but not in TM4

Tak1 is known to control inflammation through activating
NF-kB and mitogen-activated protein kinases and LLDT-8
strongly inhibits the activation of NF-kB.15,16 In this study,
several MAPKs were affected by LLDT-8 (Fig. S5†), and Tak1
was selected due to its potential role in LLDT-8-induced apop-
tosis. LLDT-8 rapidly dephosphorylated Tak1 at Ser412 from
8 h, and decreased Tak1 protein only at 24 h (Fig. 4A–C). Con-
sistently, LLDT-8 also reduced Tak1 protein and Ser412 phos-
phorylation in the testes (Fig. 4D and E). Notably, LLDT-8 with
the same concentration did not affect Tak1 of TM4, and failed
to induce apoptosis in TM4 (Fig. 5). We also detected the tran-
scription level of Tak1 in GC2-spd cells, and found that
LLDT-8 decreases Tak1 mRNA at 16 h but not at 8 and 24 h
(Fig. S6B†).

Role of Tak1 in the survival of GC-2spd and LLDT-8 induced
apoptosis

The function of Tak1 in the testes is still unknown. Knock-
down of Tak1 by siRNA in GC-2spd obviously inhibited the
growth and induced apoptosis (Fig. 6A–C and S6A†). Similarly,
the Tak1 inhibitor, 5Z-7-oxozeaenol (5Z), decreased the
expression and Ser412 phosphorylation of Tak1, also inhibited
the proliferation of GC-2spd and resulted in apoptotic cell
death (Fig. 6D–F).

To clarify the role of Tak1 in LLDT-8 induced apoptosis,
constitutively activated Tak1 (CA-Tak1), lacking the 22 N-term-
inal amino acids was stably overexpressed in GC-2spd.25

CA-Tak1 enhanced Tak1 phosphorylation at Ser412, attenuated
the cytotoxicity of LLDT-8 in GC-2spd and rescued up to 50%
GC-2spd from the apoptosis induced by LLDT-8 of high con-
centration (1, 3 μM) (Fig. 7). Here, the concentration of LLDT-8
was increased to 1–3 μM, because LLDT-8 at 250–500 nM did
not induce significantly apoptosis in GC-2spd cells with a
stably transfected pCDH-empty vector or pCDH-CA-Tak1 vector
(data not shown). This tolerance of GC-2spd to LLDT-8 may be
related to the puromycin-induced resistance during the con-
struction of stable cell line.37–39

Discussion

In this study, we find that LLDT-8 specifically induces sperma-
tocyte damage in vivo and in vitro through the inhibition of
Tak1 Ser412 phosphorylation (Fig. 2–7). The initial cells in
spermatogenesis are germ stem cells or spermatogonia, which
divide mitotically into two types of spermatogonia. Type A
spermatogonia serve for the renewal of germ stem cells, and

Fig. 3 LLDT-8 induced G1/S phase arrest and cellular apoptosis in
GC-2spd. (A) GC-2spd and TM4 cells were exposed to various doses of
LLDT-8 for 48 h to calculate IC50. (B) After incubation with LLDT-8 for
24 h, GC-2spd cells were stained with 5 μl Annexin V-FITC and 10μl PI
(20 μg ml−1) and analyzed by flow cytometry for apoptosis. Representa-
tive results are shown in Fig. S4.† (C, D) After incubation with LLDT-8 for
24 h, GC-2spd cells were stained with 10 μl PI (20 μg ml−1) and analyzed
by flow cytometry for the cell cycle. Significant difference was deter-
mined by the two-tailed Student’s t tests or one way Anova, n = 3, mean
± SD, **P < 0.01, ***P < 0.001 vs. the saline group.
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type B spermatogonia yield primary spermatocytes by mitosis.
The primary spermatocyte divides meiotically into two second-
ary spermatocytes (Meiosis I), which divide into four sperma-
tids.40 In this study, markers for pre-meiotic (Dazl), meiotic

(Pgk2), pachytene (γ-H2AX) and post-meiotic (Hspa2) sperma-
tocytes all decreased from the 15th or 21st day, indicating
severe spermatocyte injuries. Although the spermatid injuries
seem to be more severe (Fig. S1G†), considering the fact that

Fig. 4 LLDT-8 dephosphorylated Tak1 at Ser412 in GC-2spd and the testes. (A) After treatment with LLDT-8 (250, 500 nM) for 8 h, 16 h, and 24 h,
the protein bands of TAK1/p-TAK1 (Ser412, Thr184/187) of GC-2spd were detected by western blotting. (B, C) Line graphs showed data from repre-
sentative experiments, which were normalized to β-actin. (D) After administration with saline or LLDT-8 (0.5, 1 mg kg−1) for 15 days, the protein
levels of Tak1 and p-Tak1 (Ser412, Thr184/187) in the testes were detected by western blotting. Significant difference was determined by the two-
tailed Student’s t tests or one way Anova, n = 3, mean ± SD., $$ (P < 0.01) indicates the significance of Tak1 between LLDT-8 and control; **(P <
0.01), ***(P < 0.001) indicates the significance of p-Tak1(Ser412) between LLDT-8 and control; ##(P < 0.01) indicates the significance between Tak1
and p-Tak1(Ser412).

Fig. 5 LLDT-8 had no effect on the dephosphorylation of Tak1 at Ser412 and cellular apoptosis in sertoli like cell line TM4. TM4 cells were exposed
to LLDT-8 (250, 500 nM) for 24 h, then apoptosis was analyzed by flow cytometry. (A–C) LLDT-8 did not affect the expression or phosphorylation of
Tak1 in TM4, (D) and failed to induce apoptosis in TM4. Histograms show data from representative experiments (n = 3, mean ± SD).
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spermatids are derived from spermatocytes, we suggested that
spermatocytes should be the main target of LLDT-8.

The role of TAK1 in the testis is still unknown. Here, the
siRNA or inhibitor of Tak1 greatly promoted apoptosis in
GC-2spd (Fig. 6), indicating the potential role of Tak1 in sper-
matogenesis. Both Thr184/187 and Ser412 phosphorylation are
important for TAK1 kinase activity.22,23 In this study, Ser412
phosphorylation in mice seemed to be greatly higher than
Thr184/187 phosphorylation (Fig. 4D and 7A), implying that
Tak1 Ser412 phosphorylation may be more important in mice.

LLDT-8 dephosphorylated Tak1 in GC-2spd and induced
apoptosis (Fig. 3, 4, 6, and 7). However, only 50% of cellular
apoptosis was prevented by overexpressed CA-Tak1 (Fig. 7).
A previous study has shown that LLDT-8 promotes apoptosis
via transcription inhibition.14 Here, LLDT-8 also reduced RNA
polymerase II in GC-2spd (Fig. S7†), which may lead to the
incomplete recovery of CA-Tak1.

In this study, G1 phase arrest was induced by LLDT-8 at
500 nM, and S phase arrest was induced by LLDT-8 at 250 nM
(Fig. 3C and D), which was consistent with a previous study,
LLDT-8 at 100–300 nM induced S phase arrest.14 In the G1
phase, the cell synthesizes mRNA and proteins in preparation
for DNA synthesis in the S phase, so the G1 phase arrest by
LLDT-8 (500 nM) may be related to its stronger inhibitory
effect on transcription.41–43

In our previous report, we confirm that testis is the most
sensitive target to triptolide.44 Compared to triptolide, LLDT-8
displayed low toxicity to most of the tissues but not the testis.
Testicular injury seems to be the most common adverse reac-
tion to LLDT-8 and other triptolide derivatives. Tak1 and other
factors may be involved in the strong sensitivity of testis to
triptolide and its derivatives. More work is needed to clarify
the potential mechanisms, which will be useful to develop a
triptolide derivative with a better safety profile.

Our study firstly found the important role of Tak1 in the
survival of spermatocytes, and the dephosphorylation of Tak1
at Ser412 may contribute to spermatocyte-specific testis toxi-
city induced by LLDT-8. Our data will be helpful for the
further clinical development of LLDT-8 and the development
of triptolide derivatives.
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