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Introduction
The issue of whether hypertension is a risk factor for cancer 
mortality was raised more than 40 years ago.1 While associa-
tion between hypertension and cancer risk has been confirmed 
by a number of studies, the relationship varies in cancer types 
and genders.2 Breast cancer is the most commonly occurring 
cancer in American women and the second most common 
cause of cancer-related deaths.3 Association of breast cancer 
risk and hypertension has been controversial.4-7 A recent meta-
analysis of 30 studies with 11,643 cases of breast cancer has 
shown a statistically significant association between hyperten-
sion and increased breast cancer risk (relative risk [RR]: 1.15; 
95% confidence interval [CI]: 1.08-1.22).8 Increased breast 
cancer risk is specific for postmenopausal hypertensive women, 

which has been corroborated by other studies.9 These results 
lend support to the positive connection between breast cancer 
and hypertension, but the underlying molecular mechanism 
remains unclear.

The kidney is an important organ for water and electrolyte 
homeostasis in the body. Approximately 75% of sodium excre-
tion from the kidney is regulated by dopaminergic receptors 
(D1R and D5R).10 Under normal circumstances, high salt 
intake activates D1R, which increases sodium excretion medi-
ated by second messenger cyclic AMP. D1R signaling is termi-
nated via phosphorylation of the receptor by G protein-coupled 
receptor kinase 4 (GRK4). It has been demonstrated that sus-
tained activation of GRK4 leads to uncoupling between D1R 
and its downstream effector, adenylyl cyclase, and impairs the 
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function of D1R.11,12 This uncoupling is observed in renal 
proximal tubules from humans with essential hypertension and 
from rodents with genetic hypertension.11-13 Three single 
nucleotide polymorphisms (SNP) in GRK4 gene, R65L 
(rs2960306), A142V (rs2014323), and A486V (rs1801058), 
have been identified in human essential hypertension.14 These 
variants alone or in combination have increased kinase activi-
ties and cause hypertension when expressed in transgenic 
mice.14 Therefore, GRK4 is a risk factor for hypertension 
because of its negative regulation of the renal dopaminergic 
system.15,16

GRK4 is one of the seven-member family of GRKs. There 
are four GRK4 isoforms due to alternative splicing of exons 2 or 
14 or both.17 Expression of GRK4 is restricted to the testis, kid-
ney, and brain.18 Interestingly, Matsubayashi et al reported that 
GRK4 isoforms are expressed in human breast cancer tissues but 
not in normal epithelia. Overexpression of GRK4 in breast can-
cer cells increases proliferation rates.19 A global differential 
allele-specific expression analysis in mammary epithelial tran-
scriptome has identified two SNPs of GRK4, A142V and R65L, 
as breast cancer risk loci.20 These data suggest that GRK4 might 
be a risk factor for both hypertension and breast cancer.

The current studies employed breast cancer cell lines to 
determine the potential role of GRK4 in cell growth and pro-
liferation of breast cancer. We found that GRK4 protein is 
expressed in all breast cancer cell lines examined but not in 
benign breast epithelial cells. GRK4 acts as an independent 
factor promoting cancer cell proliferation.

Materials and Methods
Cell culture

Breast cancer cell lines were originally obtained from ATCC. 
MCF-7 cells were cultured in IMEM with 5% fetal bovine 
serum (FBS). T47D and ZR75 cells were cultured in RPMI1640 
containing 10% FBS. MDA-MB-48, MDA-MB-231, BT-20, 
and SK-Br3 cells were cultured in DMEM containing 10% 
FBS. Penicillin (100 units/ml) and streptomycin (100 µg/ml) 
were added to all cultures. Cell authentication was performed by 
Laragen in 2019. The STR alleles of all cell lines used in this 
study match ATCC database.

Human breast cancer cDNA array

Two sets of breast cancer cDNA array kits (BCRT III and IV) 
were purchased from Origene Technologies (Rockville, MD). 
BCRT III and IV contained 48 and 44 breast cancer cDNA 
samples, respectively. All samples are grades II or III breast 
cancer.

GRK4 gene SNP assay

Genomic DNA was extracted with the ZR Quick gDNA mini 
prep kit (Zymo Research, Irvine, CA). Total DNA was 

quantified using a NanoDrop Spectrophotometer (Thermo 
Fisher Scientific, Waltham, MA). The samples were normal-
ized to 10 ng DNA/well on a plastic 96-well plate and mixed 
with TaqMan Genotyping Master Mix (Thermo Fisher 
Scientific) using GRK4 gene single nucleotide polymorphism 
sites rs2960306, rs1024323, and rs1801058 (Thermo Fisher 
Scientific).21 The samples were amplified on the CFX Connect 
Real-Time System (Bio-Rad, Hercules, CA) and analyzed 
using SnpMan software.22

cMyc knock down and GRK4 expression

MCF-7 cells were transfected with pLKO.1 vector containing 
cMyc shRNA (Sigma-Aldrich, St. Louis, MO) or pLKO.1 vec-
tor without cMyc shRNA using Lipofectamine 3000 (Thermo 
Fisher Scientific). Twenty-four hours later, the medium was 
replaced with full culture medium containing puromycin, 2 µg/
ml. The resultant cMyc knockdown cells were transfected with 
pcDNA 4/TO vector (Thermo Fisher Scientific) constructed 
with cDNAs of three different GRK4 isoforms: GRK4α, 
GRK4γ, and GRK4γ with three SNPs. The transfected cells 
were selected by exposure to zeocine, 400 µg/ml.

GRK4 knock down

MDA-MB-468 cells contain two homozygous SNPs of the 
GRK4 gene that indicates higher GRK4 activity. 
MDA-MB-468 cells were plated in 35 mm dishes at the den-
sity of 200,000 cells per dish. Next day, the culture medium was 
replaced with serum- and antibiotics-free DMEM, containing 
SMARTvector inducible lentiviral GRK4 shRNA at the con-
centration of 0.3 multiplicity of infection (MOI). Twenty-two 
hours later, the cells were fed with full culture medium contain-
ing puromycin 0.5 µg/mL. Mature antisense sequences of three 
GRK4 shRNA are listed below. #167: TAGAAAACGGC 
TCTCTGCT; #323: TTCCAAGCCGCAACACAGC; #466: 
TAGAGCCATAGCTTCACCT.

Immunoblotting

Cells grown in 60 mm dishes were washed with cold PBS. To 
each dish, 0.5 mL lysis buffer was added (20 mM Tris, pH 7.5, 
150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM sodium 
orthovanadate, 2.5 mM sodium pyrophosphate, 1% Triton 
X-100, 1 mM β-glycerophosphate, 1 µg/mL leupeptin and 
aprotinin, and 1 mM phenylmethylsulfonyl fluoride (PMSF)). 
The dishes were incubated on ice for 5 minutes before collec-
tion. Cells were then pulse sonicated and centrifuged at 14,000 
rpm for 10 min at 4°C. Cell lysates were stored at -80°C until 
analysis. The total protein content of the lysate was determined 
using a standard Bradford assay using the reagent from Bio-
Rad (Hercules, CA). Fifty microgram total protein was loaded 
and separated on 10% SDS polyacrylamide gel and then trans-
ferred to a nitrocellulose membrane. The membrane was 
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probed with primary antibodies dissolved in Tris-buffered 
saline, containing 5% BSA, followed by incubation with near-
infrared fluorescence labeled secondary antibody (1:5,000) 
(LI-COR Biotechnology, Lincoln, NE). Bands of specific pro-
teins were scanned and quantitated using the LI-COR Odyssey 
scanner and software (Lincoln, NE). Antibodies for GRK4 
D-11 (all isoforms), K-20 (α isoform), and I-20 (γ isoform) 
were from Santa Cruz Biotechnology (Dallas, TX). Specificity 
of D-11 antibody was validated by a known polyclonal anti-
body H-70 (Santa Cruz Biotechnology).23

Determination of GRK4 mRNA levels by 
quantitative real-time PCR (q-PCR)

Total RNA was extracted and purified using the Qiagen RNeasy 
Mini Kit (Valencia, CA) and reverse transcribed. Transcription 
of GRK4 was determined by q-PCR using the SYBR Green 
method. GAPDH was used as a housekeeping gene for quanti-
fication. Relative mRNA copies were calculated by comparing 
to vehicle control using ΔΔCt method.24 Sequences of  
primers used were as follows. GRK4 primers: Forward 
5’-TTGCTACCGGGTGTGTCTCC-3’ and Reverse 
5’-GGTCTGGAAACCGGGGTATGT-3.’ GAPDH prim-
ers: Forward 5’-ACCCACTCCTCCACCTTTG-3’; Reverse 
5’-CTCTTGTGCTCTTGCTGGG-3.’

Cell growth assay

For growth rate determination, cells were plated in 35 mm 
dishes at the density of 30,000 cells per dish in their culture 
media. Starting from day 2, two dishes of each line were taken 
out each day and nuclei were released according the protocol 
described previously and counted using a Coulter Counter.25 
Treatment medium was refreshed every another day. The dou-
bling time was calculated by the formula: (log2N2-log2N1)/
(T2-T1), where N2 and N1 are cell numbers at time points T2 
and T1, respectively.

Cell proliferation assay

Proliferation assays were carried out using 5-bromo-2’-deoxy-
uridine Labeling and Detection Kit I (Roche Diagnostics, 
Indianapolis, IN), following the manufacturer’s instructions. 
Briefly, cells were plated into 6-well plates on sterile cover slips 
at the density of 2 ×105 cells per well. Two days after seeding, 
5-bromo-2’-deoxy-uridine (BrdU) was added to the culture 
medium at the concentration of 10 µM and incubated for 30 
min, followed by incubation with anti-BrdU antibody and sec-
ondary fluorescent antibody. The cover slips were mounted to 
glass slides using VECTASHIELD Antifade Mounting 
Medium with DAPI (Vector Laboratories, Burlingame, CA). 
Images of the cells were acquired using Olympus IX81 micro-
scope and Metamorph software. BrdU positive cells were 
quantified by manual counting using ImageJ software. Three to 

5 fields (20 X objective) or 10 fields (60 X objective) of each 
treatment were counted.

Statistical analysis

Statistical comparisons were made using two-tailed Student’s t 
tests for cell counts and χ2 test for BrdU incorporation assays. 
Results were considered statistically significant if the p value 
was < .05.

Results
GRK4 gene SNPs in breast cancer samples

Three GRK4 SNPs (R65L, A142V, and A486V) were deter-
mined in 92 breast cancer cDNA samples using the TaqMan 
genotyping real time PCR method as described in the section 
of Materials and Methods. The results were compared with the 
data from 769 healthy people recruited for salt sensitivity study 
at The University of Virginia.

When the percentage of wild type, heterozygous and 
homozygous of each individual SNP was compared, we found 
no difference between breast cancer and healthy people in 
terms of SNPs of R65L and A486V and a slightly lower per-
centage of heterozygous SNPs of A142V in breast cancer 
patients (data not shown).

Another parameter that should be taken into account is the 
number of SNPs since our previous study has shown the rela-
tionship between number of SNPs on GRK4 gene and the abil-
ity of causing hypertension.14 We first counted SNP numbers 
including all three sites on the basis of allele and categorized 
into groups of 0, 1, 2-3, and ⩾ 4 SNPs. There was no difference 
between breast cancer and healthy people (data not shown). 
Next, SNP numbers of R65L and A142V were counted because 
percentage of A486V SNP was almost identical in breast can-
cer and healthy people. Interestingly, more breast cancer sam-
ples contain single SNP of either R65L or A142V which is 
threefold higher than the healthy people (P = 7.53E-11, Table 
1). In addition, 15 out of 30 breast cancer cases with 2 to 3 
SNPs contain both R65L and A142V. These data suggest that 
these two SNPs play a role in breast cancer development or 
progression.

Expression of GRK4 and its gene SNPs in breast 
cancer cell lines

Under normal circumstances, GRK4 is mainly expressed in the 
testis, kidney, and brain. To evaluate the role of GRK4 in breast 
cancer cells, we further examined expression levels of GRK4 
protein in seven breast cancer cell lines and one benign mam-
mary epithelial cell line. GRK4 was expressed in all breast cancer 
cell lines with various levels but not in benign breast epithelial 
cells, MCF-10A (Figure 1). The genotyping result has shown 
that except for BT-20, the rest of the six breast cancer cell lines 
have the A142V SNP on one or two alleles (Table 2). Three cell 
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lines have R65L SNP. A486V SNP is only found in SK-Br3. 
BT-20 is the only cell line we tested that does not have GRK4 
SNP and SK-Br3 has all three SNPs on one allele. MDA-MB-468 
cells have R65 L and A142 V SNPs on both alleles presumably 
having higher GRK4 activities. Therefore, this cell line was cho-
sen for our functional studies.

Expression of GRK4 increases growth rate of cMyc 
knock-down MCF-7 cells

To examine the role of GRK4 in cell growth, we first deter-
mined if GRK4 overexpression can accelerate growth of breast 
cancer cells. We chose MCF-7 as a model. This cell line 
expressed relatively low levels of GRK4 protein (Figure 1) and 
is a less aggressive line.

We have previously found that GRK4 expression in renal 
proximal tubule cells is regulated by cMyc, a transcription fac-
tor.26 In addition, cMyc also acts as an oncogene regulating cell 

cycle progression, apoptosis and cell transformation in differ-
ent types of cancer including breast cancer.27,28 To downregu-
late endogenous GRK4 expression, MCF-7 cells were first 
transfected with different cMyc shRNA plasmids. Three stable 
cMyc knock-down lines had been generated in which cMyc 
mRNA levels had been reduced 50-70% (S1A Figure). GRK4 
mRNA levels were slightly or moderately reduced in cMyc 
knockdown lines suggesting that additional factors might be 
involved in potential control of GRK4 expression in breast 
cancer cells. Among three lines, only line 1614 showed signifi-
cant reduction in GRK4 mRNA (S1B Figure). Therefore, line 
1614 was used for ectopic expression of GRK4 isoforms, 
GRK4α, γ, and γ with three SNPs (GRK4γ TM). Western blot 
analysis using isoform specific antibodies demonstrated stable 
expression of three GRK4 isoforms in cMyc knock down 
MCF-7 cells with the expression level of GRK4γ TM lower 
than the other two isoforms (S1C Figure).

cMyc knock-down significantly decreased the growth rate of 
MCF-7 cells (Figure 2A). Doubling time raised from 1.74 days 
(-ve shRNA) to 4.48 days (Figure 2B). Expression of GRK4 in 
cMyc knock-down MCF-7 cells resumed the growth rate nearly 
to the level of wild type MCF-7 (Figure 2). The cells expressing 
GRK4α and GRK4γ TM showed similar increase in growth 
rate. Wild type GRK4γ was less potent than the other two iso-
forms (Figure 2). These data demonstrate that GRK4 acts as an 
independent factor to support growth of breast cancer cells.

GRK4 knock-down reduces growth rate of MDA-
MB-468 cells

To further confirm the role of GRK4 in breast cancer prolifera-
tion, we performed knock-down of GRK4 in MDA-MB-468 
cells and examined cell growth. This cell line is the most 
aggressive line among seven breast cancer cell lines tested. 
More importantly, this cell line has two homozygous GRK4 
SNPs that implicate higher GRK4 activity (Table 2).

MDA-MB-468 cells were transduced with each of three 
GRK4 shRNA lentivirus constructs and three stable lines with 
inducible GRK4 shRNA were generated after puromycin 
selection. In all three lines, doxycycline induced dose-depend-
ent expression of GRK4 shRNAs as indicated by expression of 
GFP (S2 Figure). Accordingly, GRK4 protein (Figure 3A and 
S3A Figure) and mRNA levels were reduced by 70% to 90% 
after 2 weeks of treatment with doxycycline (1 µg/mL) (Figure 
3B). Growth rate of three cell lines were also reduced in the 
cells treated with doxycycline (1 µg/mL) compared with the 
cells without exposure to doxycycline (Figure 3C). In striking 
contrast, expression of GRK2, a member of GRK from differ-
ent subfamily, was not altered in these cells (S3B Figure). There 
was no reduction in GRK4 mRNA levels in the cells express-
ing non-targeting shRNA (S4 Figure). These data confirmed 
the specificity of GRK4 shRNA constructs used in this model.

Table 1.  Number of GRK4 SNPs in breast cancer samples.

# of SNP Healthy people (%) Breast cancer (%)

0 249 (32.38) 36 (39.13)

1 78 (10.14) 27 (29.35)*

2-3 343 (44.60) 29 (31.52)

⩾ 4 99 (12.87) 0 (0)

Total 769 (100) 92 (100)

Abbreviations: SNP, single nucleotide polymorphisms.
*P = 7.526E-11 (χ2 analysis).

Figure 1.  Western blot analysis of GRK4 in breast cancer and benign 

mammary epithelial cell lines. The cells were grown to confluence in 

serum containing medium without any treatment. Cell lysate containing 

50 µg protein was separated on 10% SDS polyacrylamide gel and then 

transferred to a nitrocellulose membrane. The membrane was probed 

with monoclonal anti-GRK4 antibody (D-11). The experiment has been 

repeated 3 times with different GRK4 antibodies with similar results. 

Shown here is a representative blot.
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Among three GRK4 knock down lines, line 167 exhibited 
the greatest reduction in GRK4 mRNA (Figure 3B). We used 
this line to do more in depth exploration of the role of GRK4. 
Fifteen-day treatment with doxycycline dose-dependently 
reduced the growth rate (Figure 4A, S5 Figure). Compared to 
the cells without exposure to doxycycline, the final cell number 
of doxycycline treated cells reduced by 15.7% (0.01 µg/mL), 
26.8% (0.1 µg/mL) and 35% (1 µg/mL), respectively (Figure 
4B). In contrast, there was no change in growth rate in the cells 
transduced with negative control vector or wild type 
MDA-MB-468 treated with doxycycline (S6B, C Figure). A 
slight reduction in cell number of the cells expressing non-tar-
geting shRNA treated with 1 µg/mL doxycycline was observed 
(S6A Figure). The extent of reduction was much smaller than 
that with GRK4 knock down (Figure 4A) and lower concentra-
tion doxycycline did not inhibit cell growth of the cells express-
ing non-targeting shRNA. These data indicated that reduction 
in growth rate in line 167 results from GRK4 knock down.

GRK4 knock down decreases cell proliferation
Reduced growth rate could be a result of decreased cell prolif-
eration or increased cell death or both. To dissect out these 
possibilities, we first determined the effect of GRK4 knock 
down on cell proliferation by BrdU labeling. Line 167 of 
GRK4 knock down cells were pretreated with doxycycline for 
6 to 9 days before being plated on coverslips. BrdU incorpo-
rated into DNA was detected by a specific anti-BrdU anti-
body. As shown in Figure 5, the nuclei of the cells at the S 
phase of cell cycle were labeled green. About 45% of non-
treated cells were BrdU positive which was reduced to 32% 
and 34% in the cells treated doxycycline at 0.1 µg/mL and 1 
µg/mL respectively (Figure 5). GRK4 knock-down did not 
affect apoptosis (S7 Figure). There was no difference in prolif-
eration of the cells expressing non-targeting shRNA treated 
with or without doxycycline (S8 Figure). These results indi-
cate that promoting cell proliferation is the predominant role 
of GRK4 in breast cancer cells.

Table 2.  GRK4 SNPs in breast cancer cell lines.

R65 L
Allele 1/Allele 2

A142 V
Allele 1/Allele 2

A486 V
Allele 1/Allele 2

MCF-7 +/- +/- -/-

T47D -/- +/+ -/-

ZR-75 -/- +/- -/-

BT-20 -/- -/- -/-

MDA-MB-231 -/- +/- -/-

MDA-MB-468 +/+ +/+ -/-

SK-Br3 +/- +/- +/-

Figure 2.  Growth of wild type and cMyc KD MCF-7 cells with or without GRK4 isoform expression. (A). Growth rate. The cells were plated in 35 mm 

dishes at the density of 30,000 cells/dish. Cell number was counted each day at same time for 7 days. Each point represents average cell number of two 

dishes. The experiment was repeated twice with similar results. Shown here is a representative result. Each data point is an average of duplicate 

counts ± SD. (B). Doubling time. Doubling time of each line was calculated using growth rate data in (A). WT, wild type MCF-7; -ve shRNA, MCF-7 cells 

transfected with negative control shRNA.
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Discussion
We found that GRK4 is expressed in breast cancer cells (all 
seven cell lines examined) but not in benign mammary epithe-
lial cells. Six out of seven cancer lines have at least one SNP in 
GRK4 gene (Table 2) that has been demonstrated to be associ-
ated with an increased risk of hypertension.14 GRK4 SNPs 
were also detected in the cDNA array of 92 breast cancer 
patients. Compared with healthy people, breast cancer patients 
were three-fold more frequent to carry single SNP at R65 or 
A142 site. The data from the in vitro models further demon-
strated that overexpression of GRK4 in cMyc knock-down 
MCF-7 cells significantly increased the growth rate. Knock-
down of endogenous GRK4 in MDA-MB-468 cells slowed 
down cell growth which was predominantly a result of reduc-
tion in proliferation rather than induction of apoptosis. Thus, 

our data demonstrated that GRK4 plays a role in promoting 
cell proliferation of breast cancer.

It has been reported that GRK4 protein is over expressed in 
breast cancer tissues19 but GRK4 SNP types in breast cancer 
are largely unknown. Our data from breast cancer cDNA array 
and breast cancer cell lines have shown that GRK4 SNPs exist 
in breast cancer cells. Among three GRK4 SNPs, single SNP 
on R65 or A142 was much higher in breast cancer samples 
(Table 1). This result is consistent with that from breast cancer 
cell lines. In six SNP positive lines, all have either homozygous 
or heterozygous A142V and three cell lines contain R65L SNP 
(Table 2). A486V was found in one cell line only. It should be 
mentioned that heterozygous SNP may lead to over expression 
of the enzyme with higher activity because of differential 
allele-specific expression. Gao et al found 2.37 and 3.01-fold 

Figure 3.  Silencing GRK4 reduced growth rate of MDA-MB-468 cells. (A) GRK4 protein levels in the cells expressing GRK4 shRNA 167, empty vector, 

and non-targeting shRNA; (B) GRK4 mRNA levels in three GRK4 knock down cell lines after doxycycline treatment for 2 weeks; (C) Cell counts. The cells 

were treated with or without doxycycline (1 µg/ml) for 7 days and then were plated in 6-well plates at the density of 30,000 cells/well. Cell number was 

counted 7 days later (Total 14-day treatment with doxycycline).

Figure 4.  Reduction in growth rate of MDA-MB-468 cells expressing GRK4 shRNA 167 treated with various concentrations of doxycycline for 15 days in 

total. (A) growth rate; (B) Cell counts at the end of experiment. Cell growth was expressed as fold increase compared with the number on day 1 of each 

treatment (Mean ± SD, n = 4). *P < .005, **P < .001, ***P < .0001 compared with vehicle control. The experiment was repeated four times with different 

length of doxycycline treatment. The results were consistent (S5 Figure). Shown here is a representative result.
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expression of A142V and R65L respectively in mammary epi-
thelial cells derived from breast cancer patients.20 These data 
indicate that R65L and A142V are relevant SNPs in breast 
cancer.

Since the causal relationship between GRK4 and hyperten-
sion was confirmed in a transgenic mouse model14 and that 
GRK4 is transcriptionally regulated by cMyc in human kidney 
proximal tubule cells,26 and the fact that cMyc is a proto- 
oncogene that is amplified in various cancers including breast 
cancer causing cell proliferation, we hypothesized that this 
pathway may be implicated in the link between hypertension 
and breast cancer. Silencing cMyc in MCF-7 cells provides a 
useful model to evaluate the role of GRK4 in cancer cell 
growth. cMyc knock down almost completely impaired the 
ability of MCF-7 cells to grow. Expression of all three GRK4 
isoforms resumed cell growth to different extents. These results 
indicated that GRK4 is a driving force of cell proliferation in 
MCF-7 cells. The effect of GRK4α  on cell proliferation 
seems stronger than the γ isoform (Figure 2). The cells express-
ing GRK4γ with three SNPs grew as rapidly as those expressing 
GRK4α suggesting that the higher the kinase activity the 
stronger the growth promoting effect. These data are in line 
with those from the studies with renal proximal tubule cells 
where GRK4γ with three SNPs are associated with salt sensi-
tivity of blood pressure.29 GRK4α  could be a major player in 
cancer cells because it is the most abundant isoform expressed 
in all cancer cell lines examined (Figure 1).

The growth promotion function of GRK4 in breast cancer 
cells was further demonstrated in MDA-MB-468 cells. This 
cell line is a triple negative breast cancer line, e.g. without 
expression of estrogen, progesterone receptors and HER2, 
therefore is a very aggressive breast cancer cell line. A unique 
character of this cell line is that it contains two homozygous 
SNPs on GRK4 gene (R65L and A142V). This characteristic 
makes the cell line an ideal model for evaluating the function 
of GRK4. Indeed, knock down of GRK4 significantly reduced 
the growth rate of MDA-MB-468 cells. Growth retardation 
was predominantly a result of reduction in the population of 
proliferating cells. There was little effect for GRK4 on 

apoptosis. The results from MCF-7 and MDA-MB-468 
models demonstrate the GRK4 plays an important role in cell 
proliferation in breast cancer cells. These data confirm the 
clinical findings that GRK4 is over expressed in invasive 
breast cancers but not the normal breast tissues19 and high 
expression levels as well as R65L and A142V SNPs of GRK4 
is associated with higher breast cancer risk.20 Our results 
demonstrate that GRK4 is an independent factor that pro-
motes proliferation of hormone-dependent and more aggres-
sive triple negative breast cancer cells. This effect of GRK4 
might be specific for cancer cells because a study using human 
embryonic kidney cells (HEK) has shown that overexpression 
of GRK4 inhibits cell growth via senescence.30 On the other 
hand, the difference between cancer cells and HEK cells 
could origin from different GRK4 constructs used. We used a 
non-tagged GRK4 in our studies since it improves upon pre-
vious studies that used a C-terminal GFP fusion tag that 
could disrupt pamitoylation and thus subcellular localization 
of GRK4 and possibly provide an unwanted dominant nega-
tive function.

In summary, this paper has provided experimental evidences 
demonstrating that (1) GRK4 is upregulated in breast cancer 
cells, (2) breast cancer tissues have higher frequency to carry 
single hypertension related SNPs which render higher or sus-
tained GRK4 activity, and (3) GRK4 acts as an independent 
factor to promote proliferation of breast cancer cells. These 
findings warrant future studies to examine the presence of 
GRK4 SNPs in breast tumors excised from patients with or 
without hypertension. A positive correlation between GRK4 
variants and hypertension would suggest that a specific GRK4 
inhibitor could be pursued as a therapy for hypertensive breast 
cancer patients. Because of restricted expression of GRK4 in 
normal tissues, targeting GRK4 should be a safe and effective 
approach to wipe out the oncogenic effect of cMyc without 
disturbing other functions of this important transcription fac-
tor. A broader implication of GRK4 in chronic disease could be 
pursued by examining the comorbidity between GRK4 SNPs 
and obesity31 and the relationship between obesity and breast 
cancer risk.32

Figure 5.  Reduction in proliferation of MDA-MB-468 cells expressing GRK4 shRNA 167 and treated with various concentrations of doxycycline for 7 days 

in total. Proliferating cells with BrdU incorporated into DNA were detected by FITC-conjugated antibody. Proliferation rate was expressed as percentage of 

cells with nuclear green fluorescence staining. ***P < .0005; ****P < 5×10-8 compared with no doxycycline treatment. The experiment was repeated twice 

with similar results. Shown here is a representative result.
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