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Down-regulated G protein-coupled receptor kinase 6
leads to apoptosis in multiple myeloma MMI1R cells
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Abstract. G protein-coupled receptor kinase 6 (GRK®6) is
highly expressed in multiple myeloma (MM) cell lines, but
absent or only weakly expressed in most primary human
somatic cells. In the present study, GRK6 expression was
assessed in MM patients and healthy individuals by quan-
titative polymerase chain reaction. Flow cytometry were
performed to measure the apoptosis of lentivial-transfected
MMIR cells. Western blot analysis was performed to assess
the apoptosis and signal transducer and activator of transcrip-
tion 3 pathway-related factors. The results demonstrated
that GRK6 was differentially expressed in individuals who
suffered from MM and healthy individuals. Previous studies
have shown that downregulating GRK6 has anti-cancer effects
in the MM cell line, MMI1R. The present study demonstrated
that RNA interference-mediated GRK6 knockdown promoted
apoptosis in the MMIR cell line. Therefore, we hypothesized
that GRK®6 plays a significant role in determining the course
of MM.

Introduction

Multiple myeloma (MM) is an age-related monoclonal plasma
cell cancer (1). Although recent drug discoveries have greatly
improved survival rates, MM currently remains an incurable
B-cell malignancy. The initiation and progression of the
disease like bone destruction might be caused by the abnormal
secretion of related cytokines, activation of oncogenes and
molecular genetic abnormalities. Although recent studies
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on therapies [such as immunomodulatory drugs (IMiDs)
and proteasome inhibitors] have greatly improved clinical
outcomes (such as survival, the median survival has increased
to over 5 years), MM continues to be an incurable disease (2).

The desensitization mechanism of G protein-coupled
receptors (GPCRs) terminates signaling initiated by
G protein-coupled receptor kinases (GRKs). GRKs are a
family of serine/threonine protein kinases; this family of
proteins phosphorylates agonist-activated GPCRs specifically.
The GRK family is composed of seven members, named
GRKI1-7, among which GRK2, 3 and 6 are highly expressed
in the immune system (3,4). GRKSs specifically phosphorylate
GPCRs, leading to GPCR uncoupling and the binding of regu-
latory proteins, such as arrestins; the phosphorylated receptors
thus block further activation by G proteins and initiate receptor
internalization (5,6). Thus, GRKs effectively reduce the level
of functional receptors on the cell membrane, which results
in decreased receptor-mediated signaling. Recent studies have
reported that, compared to normal tissues, G protein-coupled
receptor kinase 6 (GRK®6) is highly expressed in tumor tissues,
such as colonic carcinoma (7), liver cancer and medulloblas-
toma (8,9). Mutations in GRK6 were also detected in gastric
cancer (10) and breast cancer. These studies demonstrate that
GRKO6 might have a certain relationship with tumor occur-
rence and development, and prognosis.

As previously mentioned, recent studies have shown
that GRKGO is involved in many kinds of cell signaling path-
ways and, to a certain extent, has an impact on many other
related cell biology activities, including the regulation of cell
apoptosis and the cell cycle. Our previous study showed that
down-regulating GRK6 expression can significantly inhibit
the proliferation of MM MMIR cells, and stop the cell cycle
in the GO/GI1 phase by decreasing the expression levels of
Cyclin D1 and CDK4. Therefore, we aimed to further inves-
tigate the possible role of GRK6 during tumorigenesis in MM
cell lines. In this study, the expression of the GRK6 gene was
observed in MMIR cells and cell samples isolated from MM
patients. Furthermore, this study demonstrated that GRK6 can
modulate apoptosis in MM cells.

Materials and methods

Cell culture. The MM cell lines (NCI-H929, RPM18226, U266,
OPM2, MMI1S and MM1R) were obtained from the American
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Type Culture Collection (ATCC, Manassas, VA, USA), and
cultured in RPMI 1640 medium supplemented with 10% fetal
bovine serum (both Gibco; Thermo Fisher Scientific, Inc.,
Waltham, MA, USA). Cell lines were incubated at 37°C in a
5% CO, atmosphere. GRK6 expression levels were detected
in all cell lines (NCI-H929, RPMI8226, U266, OPM2, MMIS
and MMIR), and cell functional experiments were performed
in MMIR cell subsequently.

MM samples. MM patients and healthy individuals provided
informed consent, and the study complied with the Declaration
of Helsinki and its amendments. 28 individuals who were
admitted to the Affiliated Hospital of Xuzhou Medical
College were enrolled in this study, which included 16 patients
newly diagnosed with MM in the Department of Hematology
from January 2015 to June 2016 and 12 healthy individuals.
All subjects met the diagnostic criteria of MM according to
the International Myeloma Working Group (IMWG). Bone
marrow samples were collected from all 16 MM patients
before treatment. Healthy individuals were predominantly
bone marrow transplant donors and were not exposed to any
known cytotoxic treatment.

Samples from the 16 patients with MM were first treated
with Ficoll-Hypaque (GE Healthcare, Shanghai, China) and
underwent gradient centrifugation to obtain mononuclear
cells. Myeloma cells were isolated from bone marrow by
magnetic cell separation (MACS; Miltenyi Biotec GmbH,
Bergisch Gladbach, Germany) according to the manufacturer's
protocol. The purity of the CD138+MM cells was analyzed
by flow cytometry (FACScan cytometer; BD Biosciences,
Franklin Lakes, NJ, USA) and determined to be =90%. The
study was approved by the local ethics committee.

Lentiviral vectors and infection. GRK6 specific sShRNA
sequences were cloned into GV246 lentiviral vectors.
Restructured plasmids were named shRNA-1, shRNA-2,
shRNA-3 and shRNA-4 (Table I). An empty vector was used
as the control plasmid. pSPXA?2 and pMD2.G plasmids recom-
bined the restructured lentiviral vectors, and then they were
cotransfected into 293FT cells with Lipofectamine 2000 (both
Invitrogen; Thermo Fisher Scientific, Inc.). The viral particles
were harvested and concentrated by ultracentrifugation.
MMIR cells were treated 8 pg/ml polybrene (Sigma-Aldrich;
Merck KGaA, Germany) after recombinant virus infection.
GFP-positive cells were isolated using puromycin (0.5 ug/ml)
after the cells were cultured for 4 days. shRNA-4 had the
highest inhibition rate of GRK6 and was used in the further
experiments.

Apoptosis analysis. To assess the level of cell apoptosis,
Annexin V PE and 7AAD (both from eBioscience; Thermo
Fisher Scientific, Inc.) were used to stain cells according to
the manufacturer's instructions. The percentages of early
apoptotic cells (Annexin V PE+/7AAD-) and late apoptotic
cells (Annexin V PE+/7AAD+) were analysed in this study
using CellQuest software in a FACScan cytometer (BD
Biosciences).

Western blotting. Protein was isolated using ProteoJET
Mammalian Cell Lysis Reagent (Beyotime Institute of
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Biotechnology, Haimen, China) according to the manufac-
turer's instructions. Centrifugation (12,000 x g, 15 min, 4°C)
was performed to isolate the proteins. They were then dena-
tured and subjected to sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) and western blotting. Rabbit
monoclonal anti-GAPDH (Sigma-Aldrich; Merck KGaA),
anti-GRK6 (dilution, 1:1,000, cat. no. 5878), anti-STAT3 (dilu-
tion, 1:2,000; cat. no. 4904), anti-pSTAT3 (dilution, 1:1,000;
cat. no. 4093), anti-Bax (dilution, 1:1.000; cat. no. 2772) and
anti-Bcl-2 (dilution, 1:1,000; cat. no. 2872; all from Cell
Signaling Technology, Inc., Danvers, MA, USA) antibodies
were used in the present study. We also used horseradish
peroxidase-conjugated anti-rabbit secondary antibodies (dilu-
tion, 1:1,000; Cell Signaling Technology, Inc.). The resulting
bands were visualized using ECL (Thermo Fisher Scientific,
Inc.) and densitometric analysis conducted using ImageJ soft-
ware (v.1.4.3.67; National Institutes of Health, Bethesda, MD,
USA).

Reverse transcription-quantitative PCR RT-(qPCR) analysis.
Total RNA was extracted from cells and clinical samples
using TRIzol reagent (Invitrogen; Thermo Fisher Scientific,
Inc.). Complementary DNA was reverse transcribed using
2.5 ug of RNA as a template. A Roche LC480 real-time PCR
machine and a SYBR Green kit (Applied Biosystems; Thermo
Fisher Scientific, Inc.) were used to perform the qPCR anal-
ysis. 10 ul of the SYBR Green PCR master mix, 50 ng cDNA
and 250 nM of each primer were mixed to make up a total
volume of 20 gl, which was used for all PCR experiments.
Each sample was analysed in triplicate and the analysis was
repeated three times. The thermal cycling conditions were
as follows: 10 min at 95°C, followed by 40 cycles of 95°C
for 15 sec and 60°C for 60 sec. A dissociation curve was
used to monitor amplification. The relative expression of the
target genes was calculated using the 224%4 method (11). The
primer sequences were as follows: GRK6, forward: 5'-CAG
CCCATGGAGCTCGAGAAC-3' and reverse: 5'-GGTGCA
AAACTGTTAAACGGCGC-3"; GAPDH, forward: 5'-AGA
AGGCTGGGGCTCATTTG-3' and reverse: 5'-AGGGGC
CATCCACAGTCTTC-3'. GAPDH was used as the endog-
enous control.

Statistical analysis. The data was analyzed by SPSS statis-
tical software (v.24.0; SPSS, Inc., Chicago, IL, USA), which
was expressed as mean + standard deviation. Significant
differences between groups were determined by Student's
t-test. For analyses between more than two groups, Test
was performed after the one-way ANOVA and Tukey's test.
P<0.05 was considered to indicate a statistically significant
difference.

Results

Expression of GRK6 in MM cell lines. The expression levels
of GRK6 mRNA in MM cells lines NCI-H929, RPM18226,
U266, OPM2, MM1S and MMI1R were measured using gPCR
analysis. The result showed that the GRK6 expression levels
varied between the different cell lines and that GRK6 expres-
sion was significantly higher in MMIR cells than in the other
cells (Fig. 1).
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Table I. GRK6 specific shRNA sequences.
ID 5 Stem Loop Stem 3
GRK6-1-RNAi-a Ccgg ctGAATGTCTTTGGGCTGGAT CTCGAG ATCCAGCCCAAAGACATTCAG TTTTTg
GRK6-1-RNAi-b aattcaaaaa ctGAATGTCTTTGGGCTGGAT CTCGAG ATCCAGCCCAAAGACATTCAG
GRK6-2-RNAi-a Ccgg caGTAGGTTTGTAGTGAGCTT CTCGAG AAGCTCACTACAAACCTACTG TTTTTg
GRK6-2-RNAi-b aattcaaaaa caGTAGGTTTGTAGTGAGCTT CTCGAG AAGCTCACTACAAACCTACTG
GRK6-3-RNAi-a Ccgg caGCATCTACTTCAACCGTTT CTCGAG AAACGGTTGAAGTAGATGCTG TTTTTg
GRK6-3-RNAi-b aattcaaaaa caGCATCTACTTCAACCGTTT CTCGAG AAACGGTTGAAGTAGATGCTG
GRK6-4-RNAi-a Ccgg ccTCGACAGCATCTACTTCAA CTCGAG TTGAAGTAGATGCTGTCGAGG TTTTTg
GRK6-4-RNAi-b aattcaaaaa ccTCGACAGCATCTACTTCAA CTCGAG TTGAAGTAGATGCTGTCGAGG

GRK®6, G protein-coupled receptor kinase 6; sShRNA, short hairpin RNA; RNAi, RNA interference.

100+

Relative mRNA level
(/GAPDH)

P O
& &
&

°© O
SR
NP

Figure 1. GRK6 expression in MM cell lines. qPCR analysis shows the
GRK6 mRNA expression levels in MM cell lines. GRK6, G protein-coupled
receptor kinase 6; MM, multiple myeloma.

GRKG6 gene expression in patients with MM. We analyzed
the expression of GRK6 in 16 MM patients before treatment
(Table IT). A statistically significant 2-4-fold increase in GRK6
expression was found in the MM patients compared with the
healthy individuals (P<0.05; Fig. 2A). Further analyses indi-
cated that GRK6 expression in the MM patients was unrelated
to clinical features, such as bone destruction (Fig. 2B), or ISS
stage (Fig. 2C) or patient sex (Fig. 2D). The non-significant
results may be due to an insufficient sample size.

GRKG6 regulates apoptosis in MMIR cells. Decreasing GRK6
expression could significantly lead to the apoptosis of MMIR
cells. The MMIR cells stably expressing shRNAs were
analyzed by flow cytometry; analyses mainly focused on early
apoptotic cells (Annexin V PE+/7AAD-) and late apoptotic
cells (Annexin V PE+/7A AD+). A higher rate of late apoptosis
was observed in cells treated with the shRNA against GRK®6.
As demonstrated, GRK6 inhibition is lethal to MMIR cells,
especially cells in late apoptosis (P<0.01; Fig. 3).

GRKG6 altered the expression of apoptosis-associated proteins.
As shown in Fig. 4, the expression of the pro-apoptotic protein,
Bax, was increased and an apoptosis-inhibiting protein, Bcl-2,
was decreased (P<0.05; Fig. 4A and B). Bcl-2/Bax ratios

Table II. Characteristics of patients before treatment.

Clinical characteristics N (%) (n=16)

Age, years
<65 68 (11)
>65 32 (5)
Sex
Male 75 (12)
Female 25 (4)
ISS stage
1 31 (5)
11 25(4)
111 44 (7)
Bone destruction
Yes 75 (12)
No 25 (4)

ISS, international staging system.

indicated that down-regulating GRK®6 influenced the apoptosis
rate of MMIR cells (P<0.05; Fig. 4C). These results might
explain how GRK®6 affects the apoptosis signaling pathway in
MMIR cells.

GRK6 phosphorylates STAT3 signaling pathway. GRKs
serve an important role in the apoptosis signaling pathway
in cells by phosphorylating, and thus regulating the activity
of, agonist-occupied GPCRs. Here, we attempted to further
elucidate these processes by inhibiting the expression of
GRK6. GRKG6 inhibits apoptosis through a STAT3-dependent
mechanism. Phosphorylation of STAT3 plays a crucial role
in mediating cell apoptosis and proliferation. Therefore, the
effect of GRK®6 inhibition on the STAT3 signaling pathway
was examined in MMIR cells. As displayed in Fig. 5, the
inhibition of GRK6 in MMIR cells using the shRNA resulted
in a decrease in STAT3 phosphorylation (P<0.05). Quantified
western blotting results showed that pSTAT3 was significantly
decreased, but contradictorily, the concentration of STAT3
increased.
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Figure 2. gPCR analysis of the relative expression of GRK6 in MM patient bone marrow. (A) The expression of GRK6 in MM patients before treatment and
in healthy controls *. GRK6 expression before treatment was not significantly associated with clinical features when MM patients were stratified according
to their (B) level of bone destruction (bone destruction, n=12; no bone destruction, n=4), (C) ISS stage (stage I, n=5; stage II, n=4; stage III, n=7) and (D) sex
(female, n=4; male, n=12) ("P<0.05 vs. the healthy individuals). GRK6, G protein-coupled receptor kinase 6; MM, multiple myeloma.
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Figure 3. Cell apoptosis was detected in MMIR cells. The apoptotic rate of MMIR cells is shown in bar graphs. Values are presented as mean + standard
deviation. Data from three independent experiments are shown. “P<0.01 vs. the sh-control group.
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Figure 4. Down-regulated GRK6 affects the expression of the apoptosis-associated proteins. (A) Western blot analysis shows Bcl-2 and Bax protein expression
levels. (B) The histogram shows the relative expression levels of Bcl-2 and Bax proteins. (C) The Bel-2/Bax ratios in different groups. "P<0.05 vs. the sh-control
group. GRKG6, G protein-coupled receptor kinase 6; Bcl-2, B-cell lymphoma 2; Bax, Bcl-2-associated x protein.
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Figure 5. Inhibition of GRKG6 alters the levels of the STAT3 protein. (A) Western blot analysis of STAT3 and pSTAT3 protein expression levels. (B) Histogram
demonstrating STAT3 and pSTAT3 protein levels. "P<0.05 vs. the sh-control group. GRK6, G protein-coupled receptor kinase 6.

Discussion

GRKG6 is specifically expressed in lymphoid tissues and
myeloma, and is absent from or weakly expressed in most
primary human somatic tissues; it is similarly expressed in
mice (12). The SDF-1/CXCR4 axis (13), and the HSP90 and
STAT3 signaling pathway (14-16) play significant roles in
MM. Recent studies have shown that GRK®6 is involved in
many kinds of cell signaling (17). Therefore, multiple signaling
pathways might regulate and promote the pathogenesis of MM
via GRKG6.

Previous studies have shown that GRKG6 is highly expressed
in colorectal adenocarcinoma, and that gastric carcinoma (18),
lung cancer (19) and breast carcinoma (10) might be caused
by mutations in GRK6. In our study, compared with healthy
individuals, GRK6 was differently expressed in newly diag-
nosed MM patients, which supports the hypothesis that GRK6
might act as an endogenous promoter of oncogenes. The high
expression of GRK6 might inhibit tumor cell apoptosis and
promote cell invasion during MM progression.

In a previous study, we found that GRK6 plays an impor-
tant role in cell proliferation and cell cycle arrest in MM1R
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cells (data not shown). In this study, we verified that GRK6
is extensively expressed in MM cell lines; among which
MMIR cells have the highest levels of GRK6 expression.
Using the lentivirus containing shRNAs against GRK6, we
induced GRK6 knockdown in MMIR cells. As assumed,
down-regulating GRK6 induced apoptosis in a large number
of MMIR cells. By contrast, the non-silencing lentivirus was
nonlethal, demonstrating that inhibiting GRK6 might be lethal
to myeloma cells. GRK6 is involved in multiple networks
relevant in myeloma, such as EDNRB (20) and CXCR4 (21).
STAT?3, which is an oncogene (22,23), mediates various cyto-
kines, such as IL6. STAT3 has been shown to play a role in
activating myeloma cell lines (24), primary myeloma cells (25)
and many other cancer cells (23). Inhibition of the STAT3
signaling pathway in myeloma might lead to both cellular
apoptosis and sensitization to chemotherapeutics (23,26,27).
In this study, the expression level of phosphorylated STAT3
was significantly decreased. It should be noted that the expres-
sion of STAT3 increased after transfection with the shRNA.
To elucidate this mechanism, future studies should focus on
detecting the level of STAT3 in the cytoplasm and nucleus
of cells after transfections with GRK6 shRNA or inhibitors.
Notably, a significant decrease in the expression of CDK4 and
CyclinD1, which could suppress cell growth, was detected in
MMIR cells in which GRK6 was inhibited (data not shown).
In addition, we detected the obvious up-regulation of Bax and
down-regulation of Bcl-2, which play key roles in the progres-
sion of apoptosis in GRK6-deficient myeloma cells. Our results
confirmed that the STAT3 signaling pathway is involved in the
induction of apoptosis in GRK6-down-regulated MM cells.
Overall, this study postulated that GRK6 might be involved
in inhibiting tumor cell apoptosis in MMIR cells. The results
indicate that GRK6 may be an important target in the treatment
of MM and that GRK®6 inhibitors may ameliorate the disease.
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