










breast cancer and surrounding tissue by immunohisto-
chemistry. Considerable expression of PDE6B protein
was seen in all sixteen breast cancer tissue samples, re-
gardless of what type of breast carcinoma they repre-
sented. The sixteen samples contained eleven cases of
ductal carcinoma, three cases of lobular carcinoma, and
two cases of poorly differentiated carcinoma. PDE6B ex-
pression in a representative example of each of these
types of cancer is shown in Figure 5. Considerable PDE6B
expression is seen in all of these, and expression is seen in
the uninvolved tissue surrounding these tumors as well. In
controls where primary PDE6� antibody was omitted, no
labeling was seen at all (not shown). Although the tissue
samples surrounding the tumors are classified as unin-
volved, these do not necessarily represent normal breast
tissue, since they are in proximity with the tumor and thus

may already be in a precancerous state, exhibiting changes
such as non-cancerous atypia or hyperplasia.

Expression of phototransduction genes, wnt signaling
genes, and circadian clock genes in breast cancer cell
lines and patients’ tumors
Bazhin et al. showed that in addition to PDE6, other
proteins in the phototransduction pathway, including
rhodopsin, transducin, cyclic nucleotide gated (CNG)
channels, guanylyl cyclase, rhodopsin kinase, recoverin
and arrestin, are also expressed to varying degrees, al-
though all to a lesser extent than PDE6, in melanoma
cell lines and tissues, and they refer to these expressed
genes as cancer-retina antigens (Bazhin, et al. 2007). It
was also shown that PDE6 is expressed in murine F9
teratocarcinoma cells (Ahumada, et al. 2002) and that

Figure 5 Expression of PDE6B protein in patients’ breast cancer tissue. Immunohistochemistry with PDE6� antibody was performed on
paraffin sections from sixteen cases of invasive breast cancer, which included eleven cases of ductal, three cases of lobular, and two cases of
poorly differentiated carcinoma, with corresponding uninvolved tissue. All sixteen tissue samples were positive for PDE6B expression and a
representative sample of each of the three types of carcinoma with its corresponding uninvolved tissue is shown.
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PDE6 in these cells as well as in melanoma cells (Bazhin,
et al. 2010) is activated by the noncanonical Wnt signaling
pathway through Wnt5a binding to Frizzled-2 receptors,
leading to activation of transducin and subsequent activa-
tion of PDE6. The result of this is a reduced concentration
of cGMP and increased concentration of Ca2+. Additional
studies have shown that expression of key circadian clock
genes are under the control of cGMP (Golombek, et al.
2004; Oster, et al. 2003; Plano, et al. 2012), and that dis-
ruption of the normal expression of these genes can result
in the development of cancers, including breast cancer
(Fu, et al. 2011; Fu and Lee 2003; Gery and Koeffler 2010;
Hoffman et al. 2010a,b). For these reasons, we also exam-
ined the expression of other phototransduction pathway
genes, Wnt signaling genes, and circadian genes in breast
cancer cells and tissues. As shown in Table 1, examination
of phototransduction genes in breast cancer cells and tis-
sues reveals highly significant expression (p < 0.01) of vari-
ous isoforms of transducin, in addition to PDE6, but only
minimal and sporadic expression of any of the other genes
in the phototransduction pathway. Significant expression
of WNT5A was observed in all of the patients’ breast can-
cer tissues and in the MB-435 and MB-231 cells, but not
in the MCF-7 and T47D cells. FRIZZLED-2 (FZD2) was
significantly expressed in all breast cancer cell lines and
tissues examined. The key circadian genes, PERIOD 2
(PER2 variant 2), CLOCK, TIMELESS, CRYPTOCHROME
1 (CRY1) and CRYPTOCHROME 2 (CRY2) were all also
significantly expressed in all breast cancer cell lines and all
patients’ breast cancer tissues examined.

Discussion
These studies demonstrate that PDE6, formerly thought
to be photoreceptor-specific, is expressed in breast can-
cer cells and tissues both at the mRNA and protein level.
In contrast, microarray analysis of PDE6 in completely
normal tissue, using a murine system, shows PDE6 ex-
pression to be restricted to photoreceptor tissue, with no
evidence at all of any PDE6 expression in normal breast
epithelium (Laule, et al. 2006). Several other studies have
also detected expression of PDE6 in non-photoreceptor
tissues; specifically, in murine F9 embryonic teratocar-
cinoma cells, in melanoma cells, and in human lung tis-
sue (Ahumada, et al. 2002; Bazhin, et al. 2010; Nikolova,
et al. 2010). In F9 teratocarcinoma cells PDE6 is ac-
tivated by Wnt5a-Frizzled-2 signaling acting through
transducin, which is also expressed in these cells, and
inhibition of PDE6 with isobutylmethylxanthine, dipy-
ridamole or zaprinast inhibits the formation of primitive
endoderm induced by retinoic acid in these cells, sug-
gesting a role for PDE6 in early embryonic development
(Ahumada, et al. 2002). PDE6 as well as all the other
components of the visual phototransduction pathway
were found to be expressed both in normal melanocytes

and melanoma cells at the mRNA level, but only in mel-
anoma cells at the protein level (Bazhin, et al. 2007). Some
melanoma cell lines expressed Wnt5a and Frizzled-2, and
in these cell lines Wnt5a stimulated PDE6 activity, sug-
gesting that in melanoma, PDE6 may be activated either
by light impinging on rhodopsin, which is expressed in
these cells, or by Wnt5a acting through Frizzled-2 and
transducin (Bazhin, et al. 2010). A functional role for
PDE6 in melanoma cells is still not known. PDE6 catalytic
subunit mRNA and protein were found to be expressed in
both normal and fibrotic human lung tissue, and at com-
parable levels, but expression of the PDE6D regulatory
and PDE6G/H inhibitory subunits were significantly
reduced in fibrotic lung tissue. Overexpression or sup-
pression of PDE6D expression led to changes in cGMP
levels, rate of proliferation, and state of ERK phospho-
rylation, suggesting that alterations in PDE6D expres-
sion and its consequent effects on PDE6 activity may
be a causative factor for idiopathic pulmonary fibrosis
(Nikolova, et al. 2010).
Considerable epidemiologic evidence has been amassed

over the past 25 years demonstrating an association be-
tween increased exposure to LAN and increased rates of
breast cancer (Flynn-Evans, et al. 2009; Kloog, et al. 2010;
Stevens 2009a,b). Specific evidence for this includes in-
creased incidence of breast cancer among women who
work non-day shifts, lower incidence of breast cancer
among totally blind women, an inverse relationship be-
tween breast cancer incidence and sleep duration, and a
correlation between increased incidence of breast cancer
and population LAN levels worldwide. This epidemio-
logical evidence led the International Agency for Research
on Cancer to classify shift work as a probable human car-
cinogen (Straif, et al. 2007). The molecular basis for effects
of LAN on breast cancer are unknown, but inasmuch as
the synthesis and secretion of melatonin from the pineal
gland at night is very sensitive to suppression by LAN
(Vanecek 1998), specifically only blue light in the wave-
length range of 450–480 nm (Sanchez-Barcelo, et al.
2012), the general thinking has been that the reduced
melatonin may be permissive for increased proliferation of
breast epithelial cells and may thus play a role in the in-
creased incidence of breast cancer (Sanchez-Barcelo, et al.
2012). Attention has also focused recently on the pos-
sibility that LAN exposure may affect circadian rythym
through altering the expression of circadian genes and
that this disruption of the circadian rhthym contrib-
utes to breast cancer development (Gery and Koeffler
2010; Savvidis and Koutsilieris 2012; Stevens 2009a, b).
The body’s circadian rythym is normally regulated by the
expression of circadian genes in a master pacemaker in
the suprachiasmatic nucleus of the hypothalamus that
signals to oscillators in peripheral tissues (Savvidis and
Koutsilieris 2012). As shown in this paper (Table 1), as
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Table 1 Expression of phototransduction pathways genes, Wnt genes, and Circadian rhythm genes

Breast cancer cell lines (Average signal) Patients’ breast cancer tissues (1-8) (Average signal)

MCF-7 T47D MB-435 MB-231 1 2 3 4 5 6 7 8

Phototransduction genes

RHO Rhodopsin -45 27 31 87 -43 40 -63 14 -45 -90 13 -1

GRK1 Rhodopsin kinase 4.25 102 70 133.9

GNAT1 variant 1 Rod transducin alpha subunit 0 77 69 133 8 85 -12 54 31 4* 36 46

GNAT1 variant 2 Rod transducin alpha subunit 73 131* 90 124 54* 108 47** 63 60** -7 75* 59

GNAT2 Cone transducin alpha subunit 27 93 83 248** 23 172** -13 26 84** -29 47 40

GNAZ Cone transducin alpha subunit 199** 84 204** 118 139* 132** 131** 80** 255** 8* 250** 301

GNB1 Transducin beta subunit 22340** 14936** 14239** 17968** 20122** 20994** 17661** 15477** 21669** 19486** 20140** 17137**

GNB1L Transducin beta subunit 925** 265** 1160** 1352** 607** 900** 1030** 261** 295** 749** 270** 343**

GNB2 Transducin beta subunit 2968** 675** 1208** 741** 1456** 691** 1171** 773** 3845** 1147** 1066** 1038**

GNG2L Transducin beta subunit 69029** 73280** 43084** 56176** 62765** 50370** 70951** 65617** 74326** 62703** 59073** 25580**

GNB3 Transducin beta subunit 87* 95 136** 118 111* 117* 50** 179** 126** 23** 76** 96

GNB4 Transducin beta subunit 29 2157** 831** 1250** 229** 204** 687** 186** 288** 702** 565** 591

GNB5 variant 1 Transducin beta subunit 37 58 374** 217** 62** 85 58** 61 64** 17** 69 58

GNB5 variant 2 Transducin beta subunit -7 54 31 106 19 73 -29 26 13 -61 7 41

GNGT1 Transducin gamma subunit 60 102 63 113 17 89 -24 63 25 -33 40 31

GNGT2 Transducin gamma subunit -60 64 31 68 7 115 183** 74 15 93** 41 38

SAG Arrestin 1 85 67 107 33 99 -44 107** -1 14** 56 51

RLV1 Recoverin -25 49 59 77 -21 63 7 60 32 -26 19 23

CNGA1 CNG channel alpha subunit 9 64 45 253 16 53 137** 10 139** -50 30 15

CNGA2 CNG channel alpha subunit 3 76 65 97 4 71 -42 41 31 -41 49 33

CNGA3 CNG channel alpha subunit -42 5 41 80 -29 66 -64 70 -30 -83 131** 145**

CNGB1 CNG channel beta subunit 13 23 27 81 6 74 -34 19 -7 -35 15 17

CNGB3 CNG channel beta subunit 14 43 44 95 10 93 -51 53 -18 -57 37 13

Wnt genes

WNT5A Wnt -31 10 293** 113 915** 670** 84** 490** 775** 266** 195** 267**

FZD2 Frizzled-2 864** 1740** 1828** 4896** 1213** 220** 1045** 1576** 1088** 620** 1176** 1186**

Circadian rhythm genes

PER1 Period 1 -25 69 53 80 32 100 -23 64 25 -1 62 102**

PER2 variant1 Period 2 7 56 59 93 -6 72 -31 32 21 -48 41 8

PER2 variant2 Period 2 5176** 2856** 1169** 846** 3847** 2745** 2693** 3234** 4415** 3693** 4735** 4683**

PER3 Period 3 4 64 49 89 6 73 -36 33 43 -12 77* 47
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Table 1 Expression of phototransduction pathways genes, Wnt genes, and Circadian rhythm genes (Continued)

CLOCK Clock 208** 330** 175** 216** 1001* 202* 364** 352** 575** 353** 468** 411*

TIMELESS Timeless 5334** 8868** 3219** 4254** 2094** 1527** 1478** 2427** 1167** 2119** 1836** 1603**

CRY1 Cryptochrome 1 1302** 688* 682** 2693** 402** 1071** 474** 707** 326** 1205** 1052** 1166**

CRY2 Cryptochrome 2 2862** 1014** 494** 334** 1058** 908** 1622** 1611** 2053** 1604** 1171** 1078**

**P<0.01, *P<0.05, Significant values according to statistical variation for each gene probe analyzed on the Illumina array.

D
ong

et
al.SpringerPlus

2013,2:680
Page

8
of

10
http://w

w
w
.springerplus.com

/content/2/1/680



well as by others (Fu, et al. 2011; Hoffman et al. 2010a,b),
circadian genes are expressed directly in breast cancer
epithelial cells as well. Considerable evidence shows that
expression of circadian genes are directly under the regu-
lation of cGMP (Golombek, et al. 2004; Oster, et al. 2003;
Plano, et al. 2012); thus, regulation of PDE6 in breast can-
cer cells by light or by Wnt5a signaling through Frizzled-2
and transducin, all of which we find expressed in breast
cancer cells, could directly regulate the expression of cir-
cadian genes in these cells through alterations in cGMP
levels. Although we find no evidence of rhodopsin in
breast cancer cells to act as a light sensor, we do find high
epression of CRY2 in these cells, and CRY2 can also act as
a light sensor, absorbing light in its associated FAD mol-
ecule, intriguingly also specifically in the blue wavelength
region of 450–480 nm (Hoang, et al. 2008), which may
contribute to the activation of PDE6 in these cells, and the
alteration in cGMP levels, leading to dysregulation of cir-
cadian genes, alterations in circadian rythyms, and the in-
ducement or perpetuation of the growth of breast cancer
cells. It is also noteworthy that increased cGMP levels
have been shown to inhibit proliferation and induce
apoptosis in breast cancer cell lines (Saravani, et al.
2012; Tinsley, et al. 2011) and it is thus possible that
breast cancer cells have evolved to express PDE6 as a
means to protect themselves against cGMP-mediated
apoptosis to ensure their continued growth. While there is
still much to be done to decipher the true function(s) for
the expression of the light-activated PDE6 in breast cancer
cells, this study nevertheless documents the expression of
PDE6 in these cells, thereby uncovering a potential novel
means by which exposure to LAN may result in breast
cancer growth and development.

Conclusions
This paper demonstrates the novel finding of the expres-
sion of PDE6, the light sensitive PDE, previously thought
to be photoreceptor specific, in breast cancer cell lines
and patients’ breast cancer tissues, at both the RNA and
protein levels. This finding is discussed in the context of
epidemiological evidence for exposure to artificial light
at night as a risk factor for breast cancer and in relation
to our further finding of the expression of circadian
rhythm genes in these breast cancer tisssues.
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