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PIM1 is a Poor Prognostic Factor for and Potential
Therapeutic Target in Serous Carcinoma of the Endometrium
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and Tanri Shiozawa, M.D., Ph.D.

Summary: Serous carcinoma (SC) is an aggressive histologic type of endometrial
carcinoma (EMC) with a poor prognosis. The development of novel therapeutics for SC
is an important issue. PIM1 is a serine/threonine kinase involved in various cellular
functions, such as cell cycle progression, apoptosis, and transcriptional activation via the
phosphorylation of many target proteins, including MYC. PIM1 is overexpressed in
several cancers and has been associated with the treatment-resistance. We investigated
the expression and function of PIM1 in EMC, particularly SC. Immunohistochemical
analysis in 133 EMC cases [103 endometrioid carcinomas (EC) and 30 SC] revealed the
significantly stronger expression of PIM1 in SC than in EC and significantly shorter
survival of patients with the overexpression of PIM1 in all EMC cases, as well as in only
SC cases. A multivariate analysis identified the overexpression of PIM1 as an
independent prognostic factor. The knockdown of PIM1 by siRNA in the SC cell line,
ARKI, decreased the expression of phosphorylated MYC and reduced proliferation,
migration, and invasion. The PIMI1 inhibitor, SGI-1776, reduced cell viability in SC cell
lines (ARK1, ARK2, and SPACIL) with IC50 between 1 and 5pM. SGI-1776 also
reduced the migration and invasion of ARK 1 cells. Moreover, the oral administration of
SGI-1776 significantly suppressed subcutaneous ARK 1 xenograft tumor growth in nude
mice without impairing health. These results indicate that PIM1 is involved in the
acquisition of aggressiveness and suggest the potential of PIM1 as a novel therapeutic
target and SGI-1776 as a therapeutic agent for SC. Key Words: PIM1—SGI-1776—
Uterine serous carcinoma—Endometrial carcinoma—MYC.
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The corpus uteri is the second common cancer site
among gynecologic organs, with 417,367 newly
diagnosed cases worldwide in 2020 according to the
Global Cancer Observatory (https://gco.iarc.fr/) public
data. Most cancers in the corpus uteri are endometrial
carcinoma (EMC). Endometrioid carcinoma (EC) is
the most common histologic type of EMC, while
serous carcinoma (SC) is less common, but more
aggressive than EC (1). In recent years, there have
been noteworthy developments in the treatment land-
scape of uterine SC (USC), including human epider-
mal growth factor receptor 2-targeted therapy,
antiangiogenics, and, more recently, cell cycle modu-
lators (2-5). However, the improvement of treatment
outcomes in USC patients is not sufficient enough.
Therefore, the search for new therapeutic targets is
mandatory.

The signaling pathways that are essential for cell
function, such as proliferation, survival, and migration,
are activated by protein phosphorylation and inactivated
by dephosphorylation. Therefore, protein kinases, such
as RAS and RAF, that phosphorylate downstream
proteins are often oncogenes, while protein phosphatase
generally functions as a tumor suppressor gene (6).

The Pim-1 proto-oncogene (PIM1) is a serine/
threonine protein kinase that phosphorylates multiple
factors, including MYC (7) and BCL2 (8), and is
involved in the regulation of critical processes, such as
cell cycle progression, apoptosis, and transcriptional
activation (9). PIM1 is a member of the PIM kinase
family, which comprises 3 homologous proteins,
PIM1, PIM2, and PIM3, and is regulated by the
JAK/STAT pathway (10). The overexpression of
PIMI1 has been reported in several malignancies, such
as leukemia, malignant melanoma, and prostate
cancer, and has been associated with the development
of treatment resistance in these cancers (11-14).
Braso-Maristany et al. (9) recently showed that the
overexpression of PIM1 was frequently detected in
triple-negative breast cancer and is critical for tumor
growth. These findings prompted us to investigate the
expression of PIM1 in EMC, particularly USC,
because the Cancer Genome Atlas (TCGA) data
showed a high correlation of genetic characterization
between USC and triple-negative/basal-like breast
cancers (15).

In the present study, we examined the expression
and function of PIM1 in EMC. The results obtained
revealed a correlation between the overexpression of
PIM1 and a poor prognosis in EMC patients,
particularly SC. PIM1 contributed to the proliferation
of and invasion and migration by SC cells. These

Int J Gynecol Pathol Vol. 00, No. 00, Bl 2022

results indicated the important role of PIM1 in the
acquisition of the malignant potential of EMC,
particularly SC, suggesting its potential as a ther-
apeutic target.

MATERIALS AND METHODS

Patients and Tissue Samples

We selected 133 patients with EMC, including 103 EC
(62 grade 1, 21 grade 2, and 20 grade 3) and 30 SC,
treated at Shinshu University Hospital between 1997 and
2017. Ten out of the 30 SC cases had adjacent serous
endometrial intraepithelial carcinoma (EIC) Iesions.
Formalin-fixed paraffin-embedded tissue specimens were
obtained from these patients by hysterectomy and
subjected to immunohistochemistry (IHC). The clinical
information of each patient, including survival data, was
collected from the electronic medical record system. Two
or more pathologists at the Division of Laboratory
Medicine cooperated to pathologically diagnose each
case according to the WHO classification. The present
study was approved by the Ethics Committee of Shinshu
University School of Medicine (approval number: 4142).
The requirement for informed consent in the present
study was waived because we already obtained compre-
hensive consent to use medical records for any
retrospective research from patients and provided them
with the opportunity to opt-out of this study.

IHC and Evaluation

We performed THC as previously described (16).
Briefly, indirect immunostaining for PIMI1 and
phosphorylated MYC was performed using anti-
PIM1 (rabbit polyclonal, 1:100 dilution, Abcam,
Cambridge, UK) and anti-phospho-c-Myc (Ser62,
rabbit polyclonal, 1:100 dilution, Abcam), respec-
tively, as primary antibodies. Histofine Simple Stain
Max-PO (Nichirei Bioscience Inc., Tokyo, Japan) was
used as the secondary antibody. Three-micrometer-
thick sections were deparaffinized in Hemo-De
(FALMA, Tokyo, Japan) and rehydrated in a graded
alcohol series. Antigens were retrieved by a micro-
wave pretreatment in 10 mM Tris/HCI buffer (pH 8.0)
containing 1 mM EDTA for 30 min. Sections were
then exposed to primary antibodies at room temper-
ature for 60 min. As negative controls, tissue sections
were treated with a buffered solution without the
primary antibody. These sections were then incubated
with the secondary antibody at room temperature for
30min. The immunocomplex was visualized by
diaminobenzidine.
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FIG. 1. Results of immunohistochemical staining for PIM1 in endometrial carcinoma (EMC). (A) Representative cases with negative (similar
to a negative control), weak, moderate (similar to a positive control), and strong nuclear staining intensity. (B and C) PIM1 H-scores
(maximum score =300) were compared among histologic types. The H-score of serous carcinoma (SC) was significantly higher than that of
endometrioid carcinomas (EC) (P<0.0005) (B). Among EC cases, grades 1 and 2 were significantly lower than SC (P <0.0005 in grade 1,
P=0.031 in grade 2), whereas grade 3 was not significantly different from SC (C). (D—G) Survival analysis by the Kaplan-Meier method. The
progression-free survival (PFS) (D) and overall survival (OS) (E) of EMC patients with PIM1-high (H-score > 140, over 90 percentile) were
significantly shorter than those with PIM1-low (H-score < 140) (P=0.016 in PFS, P=0.001 in OS). The PFS (F) and OS (G) of SC patients
with PIM1-high (H-score > 141, higher than the 75th percentile) were significantly shorter than those with PIM1-low (H-score <141) (P =0.003
in PFS, P=0.001 in OS). (H) Survival analysis based on the Cancer Genome Atlas (TCGA) data set of PIM1 gene expression in EMC patients.
The OS of PIMI-high (higher than the 75th percentile) was significantly shorter than that of PIMI-low (less than the 75th percentile)
(P=0.0118).
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1 TABLE 1. Univariate and multivariate analyses of clinicopathologic factors influencing survival
3 PFS 0s
Uni Uni Multi 1° Multi 27
(X Parameters N P P HR (95% CI) P HR (95% CI) P
PIM1}
Low 119 0.616 0.014 0.312 (0.117-0.833) 0.020 0.361 (0.098-1.333) 0.126
High 14
Age
9 <70 110 0.588 0.221 0.768 (0.256-2.310) 0.639
=70 23
11 FIGO stage
[-IT 97 0.005 <0.001 0.163 (0.065-0.412) <0.001 0.167 (0.043-0.649) 0.010
I-IV 36
13 Histologic type
EC 103 0.062 0.101 0.664 (0.154-2.864) 0.583
1 sC 30
5 M1
<12 97 0.110 0.946 0.491 (0,135-1,781) 0.279
17 >1/2 36
LVSI
- 73 0.420 0.267 2.409 (0.728-7.980) 0.150
19 + 60
LN metastasis
- 103 0.698 0.205 0.934 (0.280-3.111) 0.911
21 + 30
23 *Multi 1: multivariate analysis of significant factors identified in the univariate analysis.
tMulti 2: multivariate analysis of all factors.
{PIM1 H-score > 140 classified as high and <140 as low.
25 CI indicates confidence interval; FIGO, International Federation of Gynecology and Obstetrics; HR, hazard ratio; LN, lymph node; LVSI,
lymphovascular space invasion; MI, myometrial invasion; Multi, multivariate analysis; OS, overall survival; PFS, progression-free survival;
27 Uni, univariate analysis.
29 Immunoreactivity was evaluated by the Histo Score Iwate Medical University. These cell lines were cultured in
(H-score), which involved multiplying the staining RPMI 1640 medium (Sigma-Aldrich) with 10% FBS.
31 intensity and stained percentage of 500 nuclei. The Cells were incubated at 37°C in a 5% CO, incubator.
nuclear staining intensity was graded as follows: 0 =no PIM1-specific siRNA and scrambled siRNA (Control)
33 stain (equal to the negative control), 1 =weak stain, (Origene, Rockville, MD) were used for PIMI1-KD.
2=moderate stain (equal to the positive control), According to the manufacturer’s instructions, we used
15 3=strong stain. The H-score was calculated using the Lipofectamine MAX (Life Technologies, Carlsbad, CA)
following formula: [1X(% nuclei of weak stain) + 2x(% for siRNA transfection. PIM1-KD was confirmed by real-
37 nuclei of moderate stain) + 3x(% nuclei of strong stain)]. time RT-PCR and Western blotting. SGI-1776 (purchased
The final score ranged between 0 and 300. from Selleckchem, S2198), which has high PIM 1 selectivity
39 among pan-PIM kinases, was used as the PIM1 inhibitor
. . . in experiments involving SC cells and mice.
41 Survival Analysis Using TCGA Data
We performed a survival analysis based on PIM1
43 mRNA expression levels using TCGA data at .
OncoLnc (http://www.oncolnc.org/), which contains Westen{ Blotting ) )
survival and PIM1 mRNA expression data for 541 Protein expression levels in cultqred cells were
45 cases of uterine corpus endometrial carcinoma. examined by Western blotting, as previously described
(20). Anti-PIM1 (rabbit polyclonal, 1:1000 dilution,
47 Cell Signaling Technology, Danvers, MA), anti-c-
Cell Lines, PIM1 Knockdown (KD), and a PIM1 Myc (1:1000 dilution), anti-phospho ¢-MYC (1:1000
49  Inhibitor dilution), and anti-B-actin (mouse monoclonal, 1:2000
The endometrial SC cell lines, ARK1, ARK?2, SPAC- dilution, BioMakor, Rehovot, Israel) were used as the
51 IL, and SPEC2 (17-19), were kindly provided by Prof. primary antibodies to detect PIM1, MYC, phospho-
Baba at the Department of Obstetrics and Gynecology, MYC, and P-actin, respectively. Protein-transferred
53
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FIG. 2. (A) Immunohistochemical expression of PIM1 and phosphorylated MYC (pMYC). PIM1 and pMYC expression sites matched well.
(B) Scatter plot of PIM1 and pMYC H-scores. The Spearman rank correlation coefficient revealed a strong correlation between both H-scores
(p=0.638, P<0.001). (C) PIMI protein expression in endometrial carcinoma (EMC) cell lines by Western blotting. PIM1 bands were stronger
in serous carcinoma (SC) cell lines (ARK 1, ARK2, SPACIL, SPAC2) than in other EMC cell lines. Beta-actin (BACT) was used as the internal
control. (D) PIM1-knockdown (KD) by PIM1-siRNA transfection in ARK1 cells. PIM1, pMYC, and BACT protein expression was examined
by Western blotting. The graph indicates relative pMYC expression levels (mean and SD) corrected by BACT using densitometry in 3
experiments. PIM1 expression was weaker in PIM1-siRNA (PIM1-KD cells) than in the control transfected with scrambled siRNA. The

expression of pMYC was also reduced in PIM1-siRNA.

membranes were incubated with the specific primary
antibody at 4°C overnight and then with the
secondary antibody at room temperature for 1hr.
The target protein band bound by the antibody
complex was then visualized using the ECL Western
blot detection reagent (Amersham, Piscataway, NJ).

Cell Proliferation/Viability Assay

The WST-1 assay was performed to analyze the
proliferation or viability of SC cells under various
conditions using WST-1 reagent (Roche Diagnostics,
Basel, Switzerland) and a microplate reader (SYN-
ERGY HT, Bio-Tek, Winooski, VT). As previously
described (21), cells were seeded on a 96-well micro-
plate at a density of 1000 cells/well. According to the
manufacturer’s instructions, the WST-1 assay was
performed for 4 consecutive days after the confirma-
tion of cell attachment to the bottom of wells.

Migration and Invasion Assays
We performed the transwell migration assay and
Matrigel invasion assay to examine the migration and

invasion abilities of SC cells, as previously described
(22). According to the manufacturer’s instructions, a
transwell membrane (Corning BioCoat Control Insert
without matrigel, Corning, New York, NY) was used
for the transwell migration assay and a matrigel insert
(Corning BioCoat Matrigel Invasion Chamber, Corn-
ing) for the Matrigel invasion assay. Cells (1.0x10%) in
serum-free medium were placed into the upper
chamber, medium with 10% FBS was added to the
lower chamber as a chemoattractant, and cells were
incubated at 37°C in a 5% CO, incubator. The
incubation time for the migration assay was 8hr,
while the invasion assay was 20hr. After cells
remaining on the upper side of the membrane had
been wiped off with a cotton swab, cells that migrated/
invaded the membrane’s underside were fixed and
stained (Diff-Quick, Sysmex, Kobe, Japan) and then
counted in 4 randomly selected microscopic fields.

In Vivo Experiments

Subcutaneous xenografts were established in the
flanks of 6-wk-old female nude mice (BALB/c-nu,
Charles River Laboratories Japan, Yokohama, Japan)

Int J Gynecol Pathol Vol. 00, No. 60, MM 2022
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by an injection of 5x10° ARK1 cells. After confirming
xenograft tumor formation with a diameter of ~5 mm,
the oral administration of only solvent (control group)
or SGI-1776 (SGI-1776 group, 75 mg/kgX5 times/wk)
was initiated. Tumor volumes were calculated using
the following approximate expression and indicated as
a ratio to the tumor volume at the initiation of oral
administration; tumor volume=1/2X(long diame-
ter)X(short diameter)’. Mice were euthanized 3 wk
after the initiation of oral administration. Subcuta-
neous xenograft tumors were then removed and their
weights were measured. The Shinshu University
Animal Experiment Committee approved the animal
experiment (approval no. 300122), which was imple-
mented in accordance with various animal experimen-
tal guidelines and regulations.

Statistical Analysis

We performed 2-group comparisons using the
Mann-Whitney U test and multigroup comparisons
of 3 or more groups using the Kruskal-Wallis test and
Scheffé test. A correlation analysis was performed
using Spearman rank correlation coefficient. A
survival analysis was conducted using the Kaplan-
Meier method. Univariate and multivariate analyses
of prognostic factors were performed using Cox
regression analysis. A P-value <0.05 was considered
to be significant. These analyses were performed using
SPSS version 24 (IBM, Armonk, NY).

RESULTS

Immunohistochemical Expression of PIM1 in EC

The expression of PIM1 was mainly detected in the
nucleus (Fig. 1A). The H-score of the nuclear expression
of PIM1 (median, 25th—75th percentile) was significantly
higher in SC (122.5, 96.3-140.0) than in EC (90.0,
65.0-110.0) (P<0.0005) (Fig. 1B), particularly in
comparisons with grade 1 EC (85.0, 65.0-103.8)
(P<0.001) and grade 2 EC (105.0, 65.0-110.0)
(P=0.031) (Fig. 1C). On the other hand, in 10 SC
cases with adjacent EIC, the PIM1 H-score was
significantly higher in SC (107.5, 70.0-132.5) than in
EIC (55.0, 46.3-73.8) (P=0.019) (Supplementary Fig. 1,
Supplemental Digital Content 1, http:/links.lww.com/
IJGP/A135). Among all EMC cases, PIMI-high
(H-score > 140, higher than the 90th percentile) showed
significantly shorter progression-free survival (PFS)
(P=0.016) (Fig. 1D) and overall survival (P=0.001)
than PIMI-low (H-score <140, within the 90th
percentile) (Fig. 1E). This prognostic difference was not

Int J Gynecol Pathol Vol. 00, No. 00, Bl 2022

significant in EC cases (data not shown). However, in SC
cases, PIM1-high (H-score > 141, higher than the 75th
percentile) showed significantly shorter PFS (P=0.003)
(Fig. 1F) and overall survival (P=0.001) than PIM1-low
(H-score <141, within the 75th percentile) (Fig. 1G). We
performed univariate and multivariate Cox regression
analyses of clinicopathologic factors potentially
influencing survival, including PIM1 expression, age
older than 70 yr, International Federation of Gynecology
and Obstetrics (FIGO) stages III and 1V, the histologic
type, deep myometrial invasion, lymphovascular space
invasion, and lymph node metastasis (Table 1). Among
these factors, only the FIGO stage was identified as a
significant poor prognostic factor for PFS (P=0.005).
Although PIMI1-high was not significant in the
multivariate analysis of all factors, PIMI1-high and
FIGO advanced stages were both identified as
significant poor prognostic factors in the multivariate
analysis of the factors identified in the univariate
analysis. The TCGA data set of EMC demonstrated
that PIM1-high mRNA expression (higher than the 75th
percentile) had significantly shorter overall survival than
PIMI1-low (within the 75th percentile) (P=0.0118)
(Fig. 1H). These results suggest that the overexpression
of PIM1 increased the malignant potential of EMC,
particularly SC. Therefore, the function of PIM1 was
examined in more detail using SC cell lines.

Expression of PIM1 and Phospho-MYC

Since MYC is a candidate of the PIM1 target protein
for phosphorylation (7), we investigated the relationship
between the expression of PIM1 and phospho-MYC.
Immunohistochemical staining showed that the distribu-
tion of PIM1-overexpressing cells was consistent with that
of phospho-MYC-positive cells (Fig. 2A). The Spearman
rank correlation coefficient indicated that the H-score of
PIM1 correlated with that of phospho-MYC (p=0.638,
P<0.001) (Fig. 2B). We then examined the expression of
PIM1 proteins in SC cell lines (SPAC1C, SPAC2, ARKI1,
and ARK?) and other EMC cell lines (Fig. 2C). Western
blotting indicated the moderate to strong expression of
PIM1 in all SC cell lines, and its weak expression in most
of the other EMC cell lines. In ARK1, PIM1-KD by
siRNA down-regulated the expression of phospho-MYC
(Fig. 2D). These results suggest that MYC is a
phosphorylated target of PIM1 in SC.

Effects of PIM1 Suppression on Cellular Functions in
SC Cell Lines

We examined the effects of PIM1-KD using siRNA
on cellular functions in ARK1 cells. The WST-1 assay
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FIG. 3. Effects of PIM1-KD by siRNA on cellular functions in ARKI1 cells. (A) Results of the WST-1 assay. Cell proliferation/viability were
significantly lower with PIM 1-KD (PIM1-siRNA) than with the control (P <0.001). (B) Photographs of control and PIM1-siRNA (PIM1-KD)
and a graph of migration cell counts by the Transwell migration assay. PIM1-KD significantly reduced cell migration (P<0.001). (C)
Photographs of the contrel and PIM1-siRNA (PIM1-KD) and a graph of invasion cell counts by the Matrigel invasion assay. PIM1-KD

significantly reduced cell invasion (P <0.001).

revealed that cell viability was significantly lower in
PIMI-KD cells than in the control (scrambled
siRNA) (Fig. 3A). The transwell migration assay
and matrigel invasion assay showed that PIM1-KD
significantly decreased the number of migrating and
invading cells (Figs. 3B, C). The PIM1 inhibitor, SGI-
1776, down-regulated the expression of phospho-
MYC, which is a downstream factor of PIMI
(Fig. 4A). Therefore, we investigated the effects of
the PIM1 inhibitor (SGI-1776) on cell viability,
migration, and invasion using SC cell lines. The
WST-1 assay showed that SGI-1776 significantly
reduced cell viability with IC50 between 1 and 5 pM
in ARK1, ARK?2, and SPAC2 and between 5 and 10
pM in SPACIL (Fig. 4B). The transwell migration
assay revealed that SGI-1776 significantly decreased
migration at a concentration higher than SpM in
ARKI1 (Fig. 4C). Furthermore, the matrigel invasion
assay revealed that SGI-1776 significantly inhibited
invasion in ARKI1 (Fig. 4D). Collectively, these
results suggest the potential of PIMI1 as a novel
therapeutic target of SC.

Tumor Growth Suppression by the PIM1 Inhibitor

We conducted an in vive study using ARKI1
xenografts. Two weeks after the subcutaneous trans-
plantation of ARKI cells into nude mice, we
confirmed the formation of xenograft tumors of
~100mm®. The oral administration of SGI-1776
solution (SGI-1776 group) or solvent only (control
group) was initiated. The suppression of tumor
growth was significantly stronger in mice administered
SGI-1776 than in control mice (P =0.001) (Figs. 5A—
C). No significant differences were observed in body
weight gain between the 2 groups during the treatment
period (data not shown), and SGI-1776 was safely
administered.

DISCUSSION

The present results demonstrated that the immuno-
histochemical expression of PIM1 was significantly
stronger in SC than in low-grade EC. The JAK/STAT
pathway contributes to regulating the expression of
PIMI1 (10), and STAT1 and STAT3 have been shown

Int J Gynecol Pathol Vol. 00, No. 60, MM 2022
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FIG. 4. Effects of the PIM1 inhibitor, SGI-1776, on cellular functions in serous carcinoma (SC) cell lines. (A) A treatment with SGI-1776
reduced the expression of phosphorylated MYC (pMYC), the target of PIM1, in ARK1 cells. (B-D) Effects of the SGI-1776 treatment on
cellular functions in 8C cells. (B) Results of the WST-1 assay. SGI-1776 dose-dependently reduced cell proliferation/viability in ARK1, ARK2,
and SPAC2 with IC50 1 to 5uM, and 5 to 10puM in SPACIL. Asterisks (*) indicate a significant difference from O0uM (P<0.05). (C)
Photographs and a graph of the migration cell counts of ARK1 cells treated with each concentration of SGI-1776 by the Transwell migration
assay. SGI-1776 dose-dependently reduced cell migration. Asterisks (*) indicate a significant difference from 0 pM (P <0.05). (D) Photographs
and a graph of the invasion cell counts of ARK1 cells treated with each concentration of 8GI-1776 by the Matrigel invasion assay. SGI-1776
dose-dependently reduced cell invasion. Asterisk (*) indicate a significant difference from 0 uM (P <0.05).

to enhance the JAK/STAT pathway in aggressive
EMC, such as SC and high-grade EC (23). Further-
more, a relationship has been reported between the
up-regulated expression of PIM1 and PIMI gene
amplification in triple-negative breast cancer (24). As
shown in TCGA data, the majority of SC cases are
classified as the “Copy-number high” group based on
a significantly high copy number variant frequency
(15). This group consistently showed the TP53
variant; however, the involvement of microsatellite
instability or PTEN variants was rare. TCGA data
also suggested that the 6p region, including the PIM1
gene locus (6p21.2), is frequently amplified in the
“Copy-number high” group (25). In addition, we

Int J Gynecol Pathol Vol. 00, No. 00, BE 2022

confirmed the frequency of PIM1 gene amplification
by TCGA data using cBioPortal (http://www.
cbioportal.org/; last accessed on November 21, 2021)
and revealed that PIM1 gene amplification was more
frequent in USC (4%, 11/273 cases) than in EC (0.4%,
4/1095 cases). Median PIM1 mRNA expression was
higher in cases with PIM1 amplification than in those
with PIM1 diploid. Collectively, these results indicate
that the JAK/STAT pathway and PIMI1 gene
amplification are involved in the overexpression of
PIM1 in SC.

Protein phosphatase 2A (PP2A) is a phosphatase
that exerts opposite effects to PIM1 kinase. It is a
complex protein composed of a structural subunit A,
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FIG. 5. Results of an in vive study using ARK 1 subcutaneous xenografts in nude mice. (A) Graph of relative tumor volumes on each treatment
day. The SGI-1776 group was orally administered 75 mg/kgx5 times/wk of SGI-1776. The control group was only administered the solvent.
The administration of SGI-1776 significantly suppressed tumor growth (P<0.0005 on day 22). (B) Photographs of xenografts removed 3 wk
after the initiation of oral administration. All xenografts were smaller in the SGI-1776 group than in the control group. (C) Graph of the tumor
weight of removed xenografts in each group. Tumor weights were significantly smaller in the SGI-1776 group than in the control group

(P<0.0005).

such as PPP2R1A, a regulatory subunit B, and a
catalytic subunit C. PP2A has been shown to degrade
the PIM1 protein by dephosphorylation (26,27). The
TCGA study demonstrated that the variant frequency
of PPP2RI A, a component of PP2A, was high in the
aggressive types: 22% in the “Copy-number high”
group of EMC and 28% in cases of uterine
carcinosarcoma(l5,28); however, it was rare in the
other groups of EMC. The PPP2RIA variant protein
has been shown to impair the phosphatase activity of
PP2A in a dominant-negative manner (29). The high
frequency of the PPP2RI A variant in SC cases, most
of which are in the “Copy-number high” group, may
enhance the expression and functions of PIMI,
resulting in increased malignancy.

The results of immunostaining demonstrated that
PIMI overexpression was rare in EIC, a precursor of
SC, suggesting that it is not an early event in the
development of SC. The overexpression of PIM1 was
identified as an independent poor prognostic factor,
which is consistent with the findings obtained for
triple-negative breast cancer and clear-cell renal
cancer (9,30). The limitation of the present study is
the small number of cases at a single institution;
however, TCGA data also reported the overexpres-
sion of PIMI mRNA was associated with a poor
prognosis.

Our in vitro study revealed the involvement of
PIMI in the viability/proliferation of and migration
and invasion by SC cells. These functions may directly
contribute to increases in the malignant potential of
tumor cells. The present results also suggested a role

for PIM1 in the activation of MYC by phosphor-
ylation. The topographical distribution of the immu-
nohistochemical expression of PIM1 correlated with
that of MYC. Wang et al. (31) reported that PIM1
activated MYC through the phosphorylation of
serine-62 and synergistically enhanced prostate carci-
nogenesis. Braso-Maristany et al. (9) also demon-
strated that PIMI functioned through the MYC
activation pathway. In addition, TCGA data showed
that the chromosome 8q region, including the MYC
gene, was frequently amplified in the “Copy-number
high” group (15,25). These findings are consistent
with the present results and suggest that MYC is the
most important substrate of PIM1. On the other
hand, many other phosphorylation targets of PIM1
have been reported, including cell cycle regulatory
proteins, such as Weel, and apoptosis-related proteins
(10,32). We examined the expression of BAD, a target
apoptosis-related protein of PIMI; however, no
changes in phosphorylation levels were induced by
PIM1 siRNA or SGI-1776 (data not shown). There-
fore, we were unable to clarify the involvement of
PIM1 target factors other than MYC in SC.

Our in vivo results indicated that the administration of
SGI-1776 suppressed ARK1 xenograft tumor growth.
Several molecular targeted drugs are currently effective
against EMC (2). The phosphatidylinositol-3 kinase
(PI3K) pathway is activated in EMC by PTEN-
inactivated or PIK3CA-activated mutations (15). How-
ever, two randomized control trials failed to show any
beneficial effects of PI3K/AKT/mTOR inhibitors (33).
HER2/ERBB2 overexpression and gene amplification

Int J Gynecol Pathol Vol 00, No. 00, BB 2022
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were detected in ~61% and 21% of USC cases,
respectively (34). Fader et al. (3) reported the result of
the phase II study in patients with advanced or recurrent
USC that demonstrated an improvement in PFS (8 vs.
129 mo; hazard ratio, 0.46; P=0.005) and overall
survival (244 wvs. 29.6mo; hazard ratio, 0.58;
P =0.046) favoring the trastuzumab, a humanized anti-
HER2 monoclonal antibody, with chemotherapy arm
when compared with chemotherapy alone. These
preliminary data are encouraging, and now trastuzumab
is recommended by the National Comprehensive Cancer
Network guidelines (Uterine Neoplasm Version2. 2021,
last accessed on June 3, 2021 in https://’www.nccn.org/
guidelines/category_1). On the other hand, since the
PI3K pathway is the main downstream pathway of
HER2 signaling, its activation by a PTEN or PIK3CA
mutation may be one of the mechanisms underlying the
development of resistance to anti-HER2 therapy. Anti-
body drugs against the immune checkpoint molecule,
PD-1, were previously shown to be moderately effective
in EMC cases harboring microsatellite instability (35).
However, SC cases are generally included in the “Copy-
number high” group without microsatellite instability
(21). Therefore, the anti-PD-1 antibody monotherapy
may not be effective against SC. Recently, the effective-
ness of the Weel inhibitor adavosertib in recurrent USC
has been reported (6). Notably, Weel, one of the cell
cycle regulatory proteins, is reported as the phosphor-
ylation target of PIM1 (36). These facts make more
promising the effectiveness of PIM1 for USC. Some
cases of SC may have a homologous recombination
deficiency caused by a high frequency of copy-number
variants, for which PARP inhibitors may be useful.
Therefore, a phase 2 clinical trial on SC using the PARP
inhibitor, Niraparib, is ongoing (https://clinicaltrials.gov/
ct2/show/NCT04080284). Since the mechanisms under-
lying the anti-tumor effects of PIM 1 inhibitors may differ
from those of other molecular targeted therapeutics, we
consider PIM1 inhibitors to be a novel and promising
therapeutic approach.

In conclusion, the present study demonstrated that the
expression of PIM1 was stronger in SC than in low-grade
EC, and its overexpression was identified as an independ-
ent poor prognostic factor. PIM1 functions were involved
in cell viability/proliferation, invasion, and migration, and
the inhibition or KD of PIM1 suppressed these functions
and xenograft tumor growth. These results indicate the
potential of PIM1 as a novel prognostic biomarker and
therapeutic target for EMC, particularly SC, as well as
SGI-1776 as a molecular target drug. Further studies are
needed to clarify the beneficial effects of PIM1 inhibitors
for the treatment of SC,

Int J Gynecol Pathol Vol. 00, No. 00, BE 2022
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