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LETTER TO EDITOR

PIM2-mediated phosphorylation contributes to granulosa
cell survival via resisting apoptosis during folliculogenesis

Dear Editor,
Premature ovarian insufficiency (POI) is one of the most
common reproductive endocrine disorders, which reduces
female fertility.1 Dysregulated apoptosis of granulosa cells
(GCs) is a major cause of POI with follicular develop-
ment retardation among young women.2 Proviral integra-
tion site 2 (PIM2) as a pro-survival kinase plays a crucial
role in repressing apoptotic process in various cell types.3
Herein, our study revealed a crucial role of PIM2 in main-
taining GC survival during folliculogenesis, discovered a
novel antiapoptotic mechanism of PIM2–DAPK3 (death-
associated protein kinase 3)–p53 axis, and provided new
targets for POI therapy.
The PIM2 kinase-inhibited mice generated using

C57BL/6J mice treated with SMI-16a (a PIM2 kinase
inhibitor) showed smaller ovaries with the reduced ratio
of ovarian weight to body weight, compared with control
mice (Figures 1A and 1B). Furthermore, PIM2 kinase-
inhibitedmice had a series of phenotypes analogous to POI
in women including a decreased serum estradiol level and
elevated FSH and LH levels (Figures 1C–1E). Moreover,
compared with control group, PIM2 kinase inhibition
in mice caused impaired ovarian follicle development
with evidences of nearly 50% reduction of primordial
follicles and the retardation of developmental transition
from secondary follicles to antral follicles (Figures 1F
and 1G), which suggests that PIM2 kinase inhibition can
impair the primordial follicle reserve and the development
of secondary follicles. To decipher the cause of follicle
development retardation by PIM2 kinase inhibition, cell
proliferation and apoptosis were analyzed by Ki67 and
TUNEL staining. Compared with control ovaries, PIM2
kinase inhibited ovaries contained fewer Ki67-positive
and more TUNEL-positive GCs (Figures 1H–1K). These
findings provide evidences to verify the role of PIM2 in
follicle development and ovarian reserve.
Subsequently, the role of PIM2 in regulating GC apop-

tosis and ovarian follicle development in vitro was inves-
tigated. We found that Pim2 knockdown resulted in an
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increase of apoptosis signal and a decrease of proliferating
cells in GCs (Figures 2A--2D). In addition, Pim2 knock-
down inhibited the expression of steroidogenic and ovar-
ian follicle development genes,4,5 that is,Cyp19a1,Hsd17b1,
and Lhr (Figures 2E and 2F). As CYP19A1 is a key rate-
limiting aromatase enzyme for the estradiol synthesis,6
we next measured the effect of PIM2 on estradiol synthesis
and found that Pim2 knockdown could suppress estradiol
synthesis (Figure 2G). Likewise, these results were further
verified in GCs overexpressing Pim2 (Figures 2H–2K
and S1A–S1C). Furthermore, the kinase-dead PIM2
mutant (PIM2K61A)7 could abolish PIM2-mediated sup-
pression of apoptosis and promotion of cell proliferation
(Figures 2H–2K and S1D–S1F). These results suggest that
PIM2 promotes GC growth in a kinase-dependentmanner.
To identify the downstream phosphoproteins and novel

PIM2 substrates, the global quantitative phosphopro-
teomic analysis in Pim2 knockdown (Pim2-KD) and con-
trol GCs was performed in our workflow and success-
fully verified by western blot (Figures 3A and S2A). In
total, we identified 81 proteins comprising 87 phosphosites
with increased phosphorylation levels (fold change > 1.3,
P < 0.05) and 260 proteins comprising 425 phosphosites
with decreased phosphorylation levels (fold change< 0.77,
P < 0.05) in Pim2-KD GCs, compared with control GCs
(Figures S2B and S2C; Table S1). Functional enrichment
analysis of differentially regulated phosphoproteins sug-
gested that PIM2 is an important regulator of apoptotic
process (GO: 0006915) and cell cycle (GO: 0007049) (Fig-
ure 3B). A subset of downregulated phosphoproteins was
enriched in term of “positive regulation of apoptotic pro-
cess” (GO: 0043065), which might provide potential apop-
totic substrates of PIM2 (Figure S2D). Notably, someupreg-
ulated phosphoproteins might participate in the steroid
biosynthetic process (GO: 0006694) and steroid metabolic
process (GO: 0008202), in accord with dysregulation of
steroidogenesis in Pim2-deficient GCs (Figure S2E).
To directly screen out the PIM2 substrates, we immuno-

precipitated PIM2 from GCs expressing FLAG-PIM2 and

Clin. Transl. Med. 2021;11:e359. wileyonlinelibrary.com/journal/ctm2 1 of 6
https://doi.org/10.1002/ctm2.359

http://creativecommons.org/licenses/by/4.0/
https://wileyonlinelibrary.com/journal/ctm2
https://doi.org/10.1002/ctm2.359


2 of 6 LETTER TO EDITOR

F IGURE 1 PIM2 kinase inhibition causes the deficiency of follicle development in mice. (A) The representative ovarian morphology. (B)
The ratio of ovarian weight to body weight. (C–E) Assessment of serum hormone levels in PIM2 kinase-inhibited and control mice. (F)
Staining of ovarian sections of 1-month-old PIM2 kinase-inhibited mice and control mice. The arrows point to antral follicles and the triangles
indicate secondary follicles. Scale bars: 200 μm. (G) The quantification of the number of follicles at different stages of development. (H)
Immunofluorescence staining cell proliferation marker Ki67 (red) in PIM2 kinase-inhibited and control ovaries. The left panels showed the
representative micrographs, with the amplified views of the white box area on the right side. Scale bars: 100 and 200 μm. (I) The
quantification of the Ki67-positive cells in (H). (J) TUNEL staining (green) of granulosa cell apoptosis in the ovarian follicles. The left panels
showed the representative micrographs, with the amplified views of the white box area on the right side. Scale bars: 50 and 200 μm. (K) The
quantification of the TUNEL-positive cells in panel J. DNA was counterstained with DAPI. *P < 0.05 and **P < 0.01 compared with controls
according to two-tailed Student’s t test
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F IGURE 2 PIM2 is required for granulosa cell (GC) survival in a kinase-dependent way. (A) Assessment of apoptosis using Annexin
V-FITC/PI and flow cytometry. Pim2 knockdown was established by employing small interfering RNAs (siRNAs). GCs were transfected with
the siRNA-NC or siRNA-Pim2 for 48 h and assayed by flow cytometry. The quantification of apoptotic cells based on the apoptosis assessment
was shown in the bar graph. siRNA-NC is abbreviated to si-NC. siRNA-Pim2 is abbreviated to si-Pim2. (B) Western blot analysis of BAX,
BCL2, and PCNA levels in GCs. GCs were transfected with siRNA-NC and siRNA-Pim2 for 48 h and cell lysates were collected for assays.
β-Actin was used as an internal control. The quantification of protein level was shown in the bar graph. (C) Immunofluorescence staining of
cell proliferation marker Ki67 in Pim2 knockdown (Pim2-KD) and control GCs. Anti-Ki67 and CY3-conjugated goat antirabbit IgG (H+L)
antibodies were used to detect Ki67 (red). The nuclei were stained by DAPI (blue). The right graph is the quantification of Ki67-positive cells.
Scale bar: 50 μm. (D) Cell viability analysis using CCK-8 assay in ovarian GCs. GCs were transfected with siRNA-NC and siRNA-Pim2 and
then used for detection at 0, 24, 48, and 72 h. (E) Quantitative RT-PCR analysis of Amh, Inhbb, Nr5a2, Esr2, Lhr, Fshr, Cyp19a1, Hsd17b1, and
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then identified these immunoprecipitates by mass spec-
trum (Tables S2 and S3). Subsequently, combination analy-
sis of PIM2 immunoprecipitates and downregulated phos-
phoproteins in Pim2-KD GCs revealed three potential sub-

strates of PIM2 kinase including DAPK3, RALY (RNA-
binding protein Raly), and LMNB1 (Lamin-B1) (Figures 3C
and S2F). DAPK3, as an apoptotic regulator,8 was one
of the downregulated phosphoproteins associated with

Cyp11a1 expression in Pim2-KD and control GCs. The expression level of each transcript in controls was set as 1. (F) Western blot analysis of
LHR, CYP19A1, and HSD17B1 protein levels in Pim2-KD GCs. β-Actin was used as an internal control. (G) The quantitative measurement of
estradiol concentrations. The siRNA-NC and siRNA-Pim2 were transfected into GCs for 48 h and the media were collected and used for assay.
(H) The apoptosis assessment using Annexin V-FITC/PI and flow cytometry. GCs were transfected with pcDNA3.1 or pcDNA3.1-Pim2 or
pcDNA3.1-Pim2K61A. The right bar graph showed the quantification of apoptosis rate. pcDNA3.1-Pim2 and pcDNA3.1-Pim2K61A is abbreviated
to Pim2 and Pim2K61A, respectively. (I) Cell viability analysis of ovarian GCs overexpressing Pim2 or Pim2K61A using CCK-8 assay. (J–K)
Western blot analysis of BAX, PCNA, PCNA, LHR, and CYP19A1 expression in GCs overexpressing Pim2 or Pim2K61A. β-Actin was used as an
internal control. The right bar graph showed the quantification of protein level. The quantification of protein level was shown in the bar
graph. Data were presented as mean ± SEM. *P < 0.05 and **P < 0.01

F IGURE 3 PIM2-dependent phosphorylation of DAPK3 is necessary for granulosa cell survival. (A) The workflow for the
phosphoproteomics experiments. (B) Scatter plot showed the top 18 GO biological process terms of differentially regulated phosphoproteins
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positive regulation of apoptotic process in Pim2-KD GCs
(Figure S2G). As expected, PIM2 could bind to and phos-
phorylate Dapk3 at S306 and this interaction was disap-
peared in SMI-16a-treated GCs or Pim2K61A-overexpressed
GCs (Figures 3D and 3E). Moreover, Pim2 knockdown
could increase the rate of apoptotic cells (Figure 2A),
whichwas rescued after Dapk3 knockdown inGCs (Figure
S3A). In line with an antiapoptotic role, Pim2 could res-
cue Dapk3WT-induced apoptosis, but not affect the func-
tion of phosphorylation-null Dapk3S306A (Figures 3F and
S3B–S3D). However, PIM2 barely affected DAPK3 protein
level but co-localized with DAPK3 in cytoplasm in vivo,
and Pim2 overexpression promoted nuclear exclusion of
DAPK3 with evidence of dominant existence of DAPK3WT

in the cytoplasm and DAPK3S306A in the nucleus (Fig-
ures 3G–3I and S3E). Previous studies have suggested that
DAPK3 binds to some transcription factors to coactivate
apoptotic pathway in the nucleus and has direct links to
the p53 pathway.9 Indeed, DAPK3 was able to bind to and
phosphorylate p53 (p-p53), whereas Pim2 overexpression
could abolish the interaction between DAPK3 and p-p53
in GCs (Figure 3J). Consistently, Pim2 knockdown in GCs
and PIM2 kinase inhibition inmice substantially increased
p-p53 accumulation (Figures S3F and S3G), which was
consistent with quantitative phosphoproteomics analysis
(Table S1). Collectively, PIM2-dependent p-DAPK3 fails to
reside in the nucleus and consequently represses p53 trans-
activation of apoptotic genes, leading to improvement of
apoptotic resistance in GCs.
It has been suggested that transcription factor POU2F1

improves oocyte maturation with elevated expression level
in antral follicles and activates the hormone-induced

transcription.5,10 Subsequently, we identified POU2F1
could specifically bind to thePim2promoter region (–162 to
–148 bp and –127 to –113 bp) (Figures S4A–S4G). Moreover,
POU2F1 could activate Pim2 endogenous expression and
improve apoptotic resistance in GCs (Figures S5A–S5F).
In conclusion, we generated a PIM2 kinase-inhibited

mouse model characterized by premature loss of ovar-
ian follicles and the dysregulated hormone level that rep-
resents the pathogenesis of POI in women. PIM2 as an
antiapoptotic kinase is required for GC survival and fol-
licle development in a phosphorylation-dependent man-
ner. Once kinase activated, PIM2 phosphorylates DAPK3
to inhibit its nuclear translocation, hence leading to repres-
sion of p53 transcriptional activity. We provide a schematic
model to illustrate the mechanism of PIM2–DAPK3–p53
axis for suppressing GC apoptosis during folliculogenesis
(Figure S6). Therefore, this apoptotic resistant machinery
might be a promising target for POI therapy.
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