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Figure 3.13. Western blot analyses of STARD1, phosphorylated STARD1, STARD4,
STARDG6, CYP11A1, and actin proteins. The effects of Aminoglutethimide (AG) on
protein levels. Human luteinized granulosa cells from Patient #1619 were cultured for 4
days with 10% FCS prior to treatment with 8Br-cAMP (1 mM), PMA (20 nM), and
vehicle (DMSO) or AG (100 uM) in serum-free media for 24 h. Whole cellular protein
extracts were separated by SDS-polyacrylamide gel electrophoresis using 4-20% gradient
gels and transferred to PVDF membranes and probed with antibodies for the indicated
proteins.
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Figure 3.14.Western blot analyses of STARD1, STARD4, STARD6, CYP11Al,
SREBP2 (68 kDa), and actin proteins. The effects of Aminoglutethimide (AG) on
protein levels. Human luteinized granulosa cells from Patient #1624 were cultured for 4
days with 10% FCS prior to treatment with 8Br-cAMP (1 mM), PMA (20 nM), and
vehicle (DMSO) or AG (100 uM) in serum-free media for 24 h. Whole cellular protein
extracts were separated by SDS-polyacrylamide gel electrophoresis using 4-20% gradient
gels and transferred to PVDF membrane and probed with antibodies for the indicated
proteins.
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Figure 3.15. Western blot analyses of STARD1, STARD4, STARD6, CYP11A1, and
actin proteins. The effects of lipoprotein deficient serum (LPDS) pre-culture or
Aminoglutethimide (AG) on protein levels. Human luteinized granulosa cells from
Patient #1559 were cultured for 4 days with 10% FCS or 10% LPDS prior to treatment
with 8Br-cAMP (1 mM), PMA (20 nM), and vehicle (DMSO) or AG (100 uM) in
serum-free media for 24 h. Whole cellular protein extracts were separated by
SDS-polyacrylamide gel electrophoresis using 10% or 12% gels and transferred to PVDF
membranes and probed with antibodies for the indicated proteins. (A) Membrane 1
froma 12% gel. (B) Membrane 2 from a 10% gel.
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Figure 3.16. Western blot analyses of STARD1, phosphorylated STARD1, STARD4,
STARDG6, CYP11A1, SREBP2 (68 kDa and 120 kDa), and actin proteins. The effects
of lipoprotein deficient serum (LPDS) pre-culture on protein levels. Human
luteinized granulosa cells from Patient #1641 were cultured for 4 days with 10% FCS or
10% LPDS prior to treatment with 8Br-cAMP (1 mM), PMA (20 nM), and vehicle
(saline/EDTA) or human LDL (hLDL, 50 pg/ml) in serum-free media for 24 h. Whole
cellular protein extracts were separated by SDS-polyacrylamide gel electrophoresis using
4-20% gradient gels and transferred to PVDF membranes and probed with antibodies for
the indicated proteins. There was a big bubble at the site from row 10-13 of the
membrane and thus protein levels in this region are underrepresented.
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Figure 3.17. Western blot analyses of STARD1, phosphorylated STARD1, STARD4,
STARDG6, CYP11A1, SREBP2 (68 kDa and 120 kDa), and actin proteins. The effects
of lipoprotein deficient serum (LPDS) pre-culture on protein levels.
luteinized granulosa cells from Patient #1644 were cultured for 4 days with 10% FCS or
10% LPDS prior to treatment with 8Br-cAMP (1 mM), PMA (20 nM) and vehicle
(saline/EDTA) or human LDL (hLDL, 50 pg/ml) in serum-free media for 24 h. Whole
cellular protein extracts were separated by SDS-polyacrylamide gel electrophoresis using
4-20% gradient gels and transferred to PVDF membranes and probed with antibodies for

the indicated proteins.
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primary antibody to detect human STARD4. COS-1 cells were cultured and
transfected on coverslips and processed for immunofluorescence confocal microscopy.
A-G represent serial images from a Z-stack (63X), and H represents a 3D image for the
same visual field under the microscope. DAPI is shown in blue and DDK (Flag)-tag
primary antibody which should recognize Flag-tagged STARD4 was detected by
Cy3-labeled donkey anti-mouse secondary antibody is shown in red. The majority of
positive immunoreactivity was present in the nucleus. Scale bar represents 20 um.
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Figure 3.21.The distribution of recombinant human STARDG in transfected COS-1
cell as assessed by immunofluorescence confocal microscopy using the STARDG6
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primary antibody. COS-1 cells were cultured and transfected on coverslips and
processed for immunofluorescence confocal microscopy. A-G represent serial images
from a Z-stack (63X), and H represents a 3D image for the same visual field under the
microscope. DAPI is shown in blue and STARD6 primary antibody detected by
Cy3-labeled donkey anti-rabbit secondary antibody is shown in red. The majority of
positive immunoreactivity was present in the cytoplasm. Scale bar represents 20 um.
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Figure 3.22.The distribution of recombinant human STARD®G in transfected COS-1
cell as assessed by immunofluorescence confocal microscopy using the DDK-tag
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primary antibody to detect human STARDG6. COS-1 cells were cultured and
transfected on coverslips and processed for immunofluorescence confocal microscopy.
A-G represent serial images from a Z-stack (63X), and H represents a 3D image for the
same visual field under the microscope. DAPI is shown in blue and DDK (Flag)-tag
primary antibody which should recognize Flag-tagged STARD6 was detected by
Cy3-labeled donkey anti-mouse secondary antibody is shown in red. The majority of
positive immunoreactivity was present in the cytoplasm with some evident in the nucleus.
Scale bar represents 20 pm.
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Figure 3.23. Negative control images for COS-1 cells transfected with either
STARDA4 or STARDSG. Cells were cultured and transfected on coverslips and processed
for immunofluorescence confocal microscopy. Images were taken at 63X. (A) a negative
control image for STARD4 antibody staining (shown in Figure 3.19) using the
Cy3-labeled donkey anti-rabbit secondary antibody only (B) a negative control image for
the DDK (Flag) tag antibody used for STARDA4 staining (shown in Figure 3.20) using the
Cy3-labeled donkey anti-mouse secondary antibody only, (C) a negative control for
STARDG6 antibody staining (shown in Figure 3.21) using the Cy3-labeled donkey
anti-rabbit secondary antibody only, (D) a negative control for DDK (Flag) tag antibody
used for STARDG6 staining (shown in Figure 3.22) showing images with Cy3-labeled
donkey anti-mouse secondary antibody only. DAPI is shown in blue and Cy3 signal
would be red if present. Scale bar indicates 20 pm.
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Figure 3.24.Western blot analysis of transfected COS-1 cells used for the F2 steroid
assay showing STARD1, STARD6, CYP11Al and actin proteins. COS-1 cells were
transfected with expression plasmids for human STARD1, human STARDG6, or
pcDNAS3.1 (empty vector), and F2 (P450scc complex). After a pre-expression period cells
were treated with vehicle, 0.25 mM 8Br-cAMP and/or 5uM 22R-OH-Chol for 24 hours.
Whole cellular protein extracts were separated by SDS-polyacrylamide gel
electrophoresis using 4-20% gradient gels and transferred to PVDF membranes and
probed with antibodies for the indicated proteins. Lane # 1: STARD1 and F2 plasmids; #
2: STARD1 and F2 plasmids, 8Br-cAMP treatment; # 3: STARDG6 and F2 plasmids; # 4:
STARDG6 and F2 plasmids, 8Br-cAMP treatment; # 5: pcDNA3.1 and F2 plasmids; # 6:
pcDNA3.1 and F2 plasmids, 8Br-cAMP treatment; # 7: pcDNA3.1 and F2 plasmids, and
22R-OH-Chol treatment; # 8: pcDNA3.1 and F2 plasmids, 8Br-Camp and
22R-OH-Choltreatment; # 9: without transfection or treatment.
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Figure 3.25.Pregnenolone production by transfected COS-1 cells using the F2
steroid assay. COS-1 cells were transfected with the F2 plasmid and the indicated
expression plasmid, and following a recovery period, cells were treated with vehicle or
0.25 mM 8Br-cAMP for 24 hours. Pregnenolone concentrations in the media were
measured by ELISA and normalized for renilla luciferase values (arbitrary light units,
ALU) to control for transfection efficiency.(A) pregnenolone production in the presence
of STARD1, STARDSG, or pcDNA3.1 and the F2 plasmid or in the non-transfected control,
(B) pregnenolone production in the pcDNA3.1/F2 transfection treated with 5 uM
22R-OH-cholesterol (22R-OH-Chol) which freely permeates the mitochondria and served
as a positive control.
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Chapter IV: Discussion

Our data showed that with 6 hour treatment or 24 hour treatment, CAMP analog
increased the mRNA and protein level of STARD1 which occurred most likely through
the PKA pathway in human granulosa cells. Several publications have showed similar
results in MA-10 Leydig cell lines (Clark et al, 1994) and proliferating human granulosa
cells (Devoto et al, 1999) on the protein level. For the mRNA level, another in vitro study
showed that there was a 5-fold increase for STARD1 mRNA level with 24 hour treatment
with 8Br-cAMP in the proliferating granulosa lutein cells (Kiriakidou et al, 1996), and it
was similar with our result. However, in the same study fresh luteinized granulosa cells
showed a significant increase in STARD1 mRNA with 6 hour treatment and not later,
which differs from our observations where STARD1 was still up at 24 hours. Although 1
mM 8Br-cAMP was used in both our and their experiments, the culture conditions were
different such that we used DMEM/F12 and they used DMEM, which may explain the
difference in part. Also the hormone regimen used to stimulate follicle growth in patients
might have been quite different.

We found that 20 nM PMA increased mRNA level of STARDL significantly, and
there was numerically nonsignificant stimulation by 1 nM PMA due to a larger variation

among different patients. Moreover, the protein levels in most patients except patients
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#1581, #1624 and #1641, were also shown to increase under the stimulation of 20 nM
PMA, and this result is consistent with Manna et al (2009) which showed 10 nM PMA
increased STARD1 protein level in MA-10 cells. Nonetheless, Kiriakidou et al. (1996)
showed that PMA decreased its expression in granulosa lutein cells. This result may
because of the higher concentration of PMA (162 nM) used in their experiment, as higher
concentrations of phorbol ester can lead to a decrease in PKC activity.

We found that in several patients that low dose PMA increased not only STARD1
protein but that the protein was phosphorylated supporting our hypothesis. The study of
Jo et al. (2005) gave a different result in the MA-10 Leydig cell line, but similar result in
R2C Leydig cells. MA-10 cells only express STARD1 and synthesize steroid hormones
when the cells were stimulated by trophic hormones or cAMP analog. On the other hand,
R2C cells had a basal level of STARD1 protein and steroid production without any
exogenous hormone stimulation. The result of MA-10 cells showed that PKC activation
(with low dose PMA) increased the protein level of STARD1, but without the
phosphorylation lacked its function and thus unable to produce steroid hormone.
Moreover, when R2C cells were treated with PKA inhibitor, the cells expressed lower
levels of STARDL1 proteins and steroid hormones (Rao et al, 2003). This result showed
that R2C cells have their own PKA signaling activity. Our data are also consistent with
work in ovine luteal cells were STARDL1 is present as a phosphorylated protein in the
presence of PMA due to high endogenous PKA activity characteristic of these fully

luteinized cells (Bogan and Niswender, 2007). In our experiment, human luteinized
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granulosa cells are collected after the simulated LH surge (hGC injection), and thus their
phenotype is more like the mature ovine luteal cells. As a consequence, the higher level
of phosphorylated STARD1 with the low dose PMA treatment is likely due to the
presence of the basal level of PKA activity induced by luteinization.

As PKA and PKC pathways regulate STARD1 and progesterone production in
human ovarian cells, patients that lack STARD1, such as in CLAH, would not make
significant levels of sex steroid hormones in response to activation of these pathways,
which is supported by the fact they are infertile. Furthermore, without STARDI,
accumulated cholesterol in the cytoplasm is harmful and finally kills the steroidogenic
cells. On the other hand, excess STARD1 during ovarian follicle maturation, such as in
the case of diminished ovarian reserve patients (Skiadas et al, 2012) may result in too
much steroid synthesis causing a premature increase in pregnenolone or progesterone
which may interfere with ovulation, oocyte quality, or implantation. STARD4 has also
been shown to be elevated in diminished ovarian reserve patients and could potentially
facilitate cholesterol transport to the mitochondrion resulting in abnormally high steroid
production as well. There are no studies yet to indicate STARDG6 is abnormal in any
disease. Taken together, abnormalities on both STARD1 and STARD4 levels may affect
steroidogenesis by reduced or excessive cholesterol transport leading to ovarian
dysfunction.

STARDA4 has previously been shown to be regulated by sterol content (Clark, 2012).

LPDS pretreatment, which results in cells with lower cholesterol stores, led to an
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increased basal level of the expression of STARD4 mRNA level, but not protein level. A
new study also showed a similar result in HepG2 for the mRNA level, and also showed
an increase in protein level (Garbarino et al, 2012) --This reference is incorrect-please
insert correct one. One possibility for STARD4 mRNA and proteins being not coupled in
our cells may be due to the stability of STARDA4 proteins. The difference also may be the
results of the different cell types. It may also be a temporal difference between the
mMRNA and protein regulation such that we need to evaluate longer treatment times. It is
interesting that cholesterol depletion can cause increased basal level of STARD4 mRNA,
because the transcription level of the STARD4 gene is regulated by SREBP2 (Soccio et al,
2005). When the cholesterol concentration of the ER declines, SREBP2 will be activated
to increase cholesterol related gene transcription (including STARD4 gene) in the nucleus.
This is most likely why the basal level of STARD4 mRNA increased. However, STARD4
MRNA was not shown to further increase under stimulatory treatments beyond that of
FCS pretreated cells receiving cAMP or PMA, which infers that there is maximum
response of the STARD4 gene that can be achieved by these cells when challenged with
such agonists.

STARD4 mRNA was lower in the presence of hLDL. hLDL is an exogenous
cholesterol source that upon uptake contributes to the intracellular cholesterol pool. In
FCS pretreated cells it slows the depletion of cholesterol by stimulated steroidogenesis.
It can partly restore the loss of cholesterol resulting from the LPDS pretreatment. Also

hLDL blunted the increase of STARD4 mRNA level. Although in the presence of hLDL
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the PMA affect was not significantly lower than the same treatments without hLDL, PMA
in the presence of hLDL failed to significantly increase STARD4 above vehicle levels
showing that cholesterol content did affect the STARD4 mRNA response also although
not to the same extent as with the cAMP-treated samples. Thus, exogenous cholesterol
most likely blunted the activation of SREBP2, reducing the induction of STARDA.
Unfortunately, no consistent differences in the protein level of SREBP2 (68 kDa or 120
kDa) could be determined by our western blots as there was a lot of inconsistency in the
blot quality and patient responses.

Our result for STARD4 localization (Figure 3.19 and Figure 3.20) found it to be
nuclear and cytoplasmic in the transfected COS-1 cells. This finding was partly
different than a previous study that showed STARDA4 resided in the cytosol and
membrane fractions in 3T3-L1 cells (Rodriguez-Agudo et al, 2011). The different
findings could be the result of different cell types as 3T3-L1 cells have endogenous
STARD4 protein with a role in metabolism. On the other hand, COS-1 cells do not
express STARDA4 protein without transfection. Furthermore, without a normal
endogenous function in the COS-1 cells, STARD4 proteins does not necessarily localize
to the same sites as it would in a cell where it has a metabolic role. In addition, STARDG6
images showed that the most of the immunoreactivity resided outside the nucleus in the
cytoplasm (Figure 3.21 and Figure 3.22.).

There is no prior evidence showing STARD4 protein nuclear localization, but studies

showed the STARDG proteins were mostly found in nucleus with less in the cytosol in
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the cultured neuronal cells (Chang et al, 2010). It has been postulated that STARD6 may
be involved in the transcriptional regulation of cholesterol homeostasis (Chang et al,
2013), but there is no data to support this idea. However, the STARD6 immunoreactivity
in our experiment localized mostly outside the nucleus and appeared to be associated
with some type of vesicle, which might be expected if it participates in sterol transport.
Further studies need to be performed to answer the question of specific subcellular
location are needed and should be performed with antibodies that identify organelles or
other organelle markers. The future goal will be to perform these studies in the human
granulosa cells.

STARDG protein increased the pregnenolone production transfected COS-1 cells.
This result showed the STARDG6 protein was capable of facilitating de novo
steroidogenesis. Similar to our studies, Soccio et al (2005) transfected STARD4 and the
genes for converting cholesterol to progesterone in COS cells and found that STARD4
was able to increase progesterone production. STARD4 protein also had a similar but
lower ability for cholesterol transport than STARD1.

The COS-1 cell line contains both STARD1 dependent and independent activities
(Huang and Miller, 2001). Thereby, in the negative vector only control a low level of
pregnenolone was observed with the F2 plasmid, and no pregnenolone was synthesized in
non-transfected COS-1 in the same experiment. The same kind of studies for STARD4
and STARDS5 have been done, and both of the proteins can also increase steroidogenesis,

like our findings for STARDG6 (Soccio et al, 2005a). Moreover, in the STARD1
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transfected cells, pregnenolone levels were much higher than the levels in the STARD6
transfected cells regardless of 8Br-cAMP treatment. This result is probably because
STARD1 protein has an N-terminal sequence that can target to the mitochondrial
membrane. As a consequence, cholesterol delivery across the mitochondrial membrane is
more efficiently transported by STARDL protein than by STARDG6 protein. Nevertheless,
N-62 STARD1, which lacks targeting sequence, and wild type STARD1 had similar
enhancement of steroidogenesis (Huang and Miller, 2001). N-62 STARD1 and STARD6
cannot anchor to the mitochondrial membrane, so the mechanism of the cholesterol
transport abilities of N-62 STARD1 and STARDG6 remains a question.

In the future research, it will be useful to localize STARD4 and STARDG in human
luteinized granulosa cells to determine the different subcellular localization of the two
proteins in primary cells. This information will be critical to understanding how these
proteins function in normal steroidogenic cells. These studies should be performed both
under vehicle and agonist treated conditions to see if the proteins are mobilized between
cellular compartments. In addition, these studies can be performed with normal
conditions and other conditions that alter intracellular cholesterol content. Another
avenue of study is to more thoroughly investigate STARD4 and STARDG6 function in
human granulosa cells by reducing each protein through the use of RNA interference
technique.

In summary, we have found that STARD1 and STARD4 show somewhat similar

regulation by PKA and PKC agonists, 8Br-cAMP and low dose PMA, whereas STARD6
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was not regulated. STARD4 showed most regulation by manipulation of intracellular
cholesterol regulation. STARD1 protein and its phosphorylation were also enhanced by
agonist treatment, whereas STARD4 and STARDG6 protein were not at the time points
examined. Recombinant STARD4 and STARDG6 expressed in COS cells showed
different distributions with STARD4 being nuclear and cytoplasmic and STARDG being
mostly cytoplasmic with a punctuate appearance reminiscent of vesicular association.
Finally, STARD6 when expressed in COS cells with the genes encoding the P450scc
system was able to modestly enhance de novo steroidogenesis. These data provide new

insight into the regulation of START domain proteins in a relevant primary ovarian cell.
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