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Abstract. The control of gene transcription is dependent on DNA-
binding and coregulatory proteins that assemble in distinct regions of
the cell nucleus. We use multispectral wide-field microscopy of cells

char Jay ) expressing transcriptional coregulators labeled with fluorescent pro-
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E-mail: rd2v@virginia.edu ceptor interacting protein (GRIP) coactivator protein and the silencing
mediator of retinoid and thyroid (SMRT) corepressor protein form
spherical subnuclear focal bodies that are spatially distinct, suggesting
that specific protein interactions concentrate these divergent proteins
in separate subnuclear regions. However, the variability of these sub-
nuclear bodies between cells within the population makes analysis
based on “representative images” difficult, if not impossible. To ad-
dress this issue, we develop a protocol for unbiased selection of cells
from the population, followed by the automated quantification of the
subnuclear organization of the labeled proteins. Statistical methods
identify a significant linear correlation between the FP-coregulator ex-
pression level and subnuclear focal body formation for both FP-GRIP
and FP-SMRT. Importantly, we confirm that these changes in sub-
nuclear organization could be statistically normalized for differences
in coregulator expression level. This integrated quantitative image
analysis method will allow the rigorous comparison of different ex-
perimental cell populations that express variable levels of FP fusion
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1 Introduction Because of this complexity, it is often difficult to compare and
contrast the morphometric information in multiple images
without advanced informatics toofs.

Fortunately, automated computer algorithms have been de-

The application of fluorescence microscopy and advanced
digital imaging to the investigation of dynamic processes in-

side living cells is a rapidly evolving field. The recent devel- loped h e sis of subcellul
opment of new fluorescent probes, coupled with advances in V€lopPe to_ support the _quantltatlv_e_ analysis ol subceliiar
morphologies captured in large digital image datasets, re-

digital image acquisition and analysis, has transformed studies ', . .
in cell biology by allowing the behavior of proteins to be viewed by Ref. 3. These automated approaches typically in-

tracked in their natural environment within the living cell. The volve the segmentation of the images, followed by quantita-

. . o tive measurement of specific features. The application of this
challenge now confronting cell biologists is how to extract the . . s
) . o . . method effectively reduces millions of data points into a few
biologically significant information from very large and com-

lex_digital i ing datasets. F | ingle hiah thousand morphometric measurements. However, even these
pexl tl'gl adllmta?mg atasets. (l)r exatmp ¢ a S|n?he 'gh- simplified morphometric datasets contain many interrelated
re,s? ution digi a} Image comn.w.n y an a|n§ more an ohe parameters, and the relationships between parameters are of-
million data points, and multidimensional imaging experi-

i ten difficult to interpret. To address this issue, we have devel-
ments may produce hundreds or thousands of these i ages'oped a quantitative image analysis and statistical modeling

approach, allowing us to begin to establish links between the

subcellular distribution of proteins and their function in popu-
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We are applying this image analysis approach to the inves-2 Materials and Methods
tigation of gene regulatory proteins in the interphase nucleus.

. . . . o024
It is well established that the cell nucleus is organized in ! ] ) )
numerous distinct subcompartments that consist of specific Nucleotide sequencesgencodmg the monomeric variabisf
ensembles of interacting proteifi€ The partitioning of these ~ ¢0Soma spred, mRFP? kindly provided by Tsien, University
different subcompartments without intervening membranes ©f California, San Diego, was substituted for the yellow fluo-
indicates that the proteins that form these structures must'€Scent proteinYFP) encoding sequence in the EYFP-C2
self-organizé. For example, transcriptional coregulatory pro- Vector (BD Biosciences Clontech, Palo Alto, Califorpizo
teins, which function to modify chromatin structure and re- 9€nerate the mRFP expression vector. The expression vector
cruit the general transcription apparatus to target genes, as€ncoding EGFP fused to the ammo%termmus of GREFP-
semble in subnuclear focal bodf&d? The direct visualization ~ CRIP) has been previously describedhe cDNA encoding
of these subnuclear foci has been achieved by labeling the® human SMRT repression and nuclear receptor interaction
coregulatory proteins with the visible fluorescent proteins dOMaNS(AA 237-1495™ was inserted to the'3end of the
(VFP9.8-111415This approach has also been used to demon- cDNA encoding EYFP(BD Biosciences Clonteghin the
strate that these highly ordered subnuclear foci are dynamic,p_NASS expression vectB‘?.‘I’_he expression vectors were veri-
rapidly exchanging with proteins in the surrounding fleq by agtomated nucleotide sequencing. The mouse embry-
nucleoplasnt® Defining the mechanisms that control the for- onic pituitary GHFT1-5 cells were transfected_ by electropqra-
mation of these higher-order protein assemblies within the tion, and cultured for 24 h on glass coverslips as described

o2l
context of the intact cell nucleus will be necessary to under- earlier:
stand fully the regulation of gene expression. - ) . T
A guantitative imaging approach to analyze the assembly 2C.2/I Digital Imaging of Protein Organization in Living
of VFP-fusion proteins into complexes in the nucleus requires els
an unbiased method for selection of the cells to be imaged The cover glass with the monolayer of cells was transferred to
within the population. In this regard, we reported earlier the @& medium-filled chamber that was fitted to the stage on the
use of monomeric red fluorescent protéinRFP as a nonin-  Microscopé’ The wide-field fluorescence microscopy
vasive cell selection marker that allows identification of cells (WFM) images were acquired using an inverted Olympus
expressing other VFP-fusion proteitisOnce the cells have  1X-70 microscope equipped with a 1.2 numerical aperture,
been selected based on diffuse mRFP, then the subcellulaf0X aqueous-immersion objective lens. A 75-W xenon/
features of the coexpressed VFP-fusion protein can be auto-mercury combination lamp was used to illuminate the
matically quantified using a computerized image analysis al- samples. An Opti-QuigHighland Hills, New York model
gorithm. In the current study, we used this integrated analyti- 1962 long-term stabilizer was used to keep light intensity con-
cal method to characterize in detail the subnuclear Stant for accurate quantitative data collection. The GFP filter
organization of the nuclear receptor coactivator glucocorticoid combination used 470/20-nm excitation with 510/20-nm
receptor interacting protei(’GR”D)_:w This quantitative image emission, the YFP filter combination used 510/20 excitation
analysis approach is important for understanding the actionsand 560/40 emission, and the RFP filter combination used
of the Coregu|atory proteinsl since earlier studies demon- 560/40-nm excitation with 630/60-nm emission. Grayscale
strated that there was substantial heterogeneity from cell-to-images with no saturated pixels were obtained using a cooled
cell in the subnuclear Organization of GF@]@M dlgltal interline camere(Orca-ZOO, Hamamatsu, Bridgewater,
The results presented here provide a rigorous analysis ofNew Jersey. All images were collected at a similar gray-level
the subnuclear organization of green fluorescent protein intensity by controlling the excitation intensity with constant
(GFP-labeled GRIP within the transfected cell population. heutral density filtration, and by varying the on-camera inte-
Significantly, we then compare the results obtained for GRIP gration time(0.1 to 8 3. Reference images of standard fluo-
with the quantitative image analysis of cells expressing a dif- rescent beads were acquired to monitor consistency of micro-
ferent class of coregulatory protein, the silencing mediator of scope performance for all quantitative imaging experiments.
retinoid and thyroid hormone recepto(SMRT) transcrip- All image files were processed for presentation using 1See
tional corepressdf We show that although the subnuclear Software (ISee Imaging Systems, Raleigh, North Carolina
focal bodies formed by GRIP and SMRT were separate andand Canvas 8.0 softwaréDeneba, Incorporated, Miami,
distinct, similar mechanisms likely regulate their formation. Florida.
In both cases, there was a significant correlation between in- )
creasing protein expression levels and the formation of larger, 2-3  Automated Image Analysis
more distinct subnuclear focal bodies. Our novel numerical The automated image analysis algorithm was described
method takes advantage of this linear relationship to normal- earlier'? Briefly, the 1See graphical programming software
ize measurements of subnuclear morphology for differences (ISee Imaging Systemsvas used to integrate a series of com-
in VFP-fusion protein expression level in individual cells. By puterized image analysis functions into a single algorithm.
correcting for the effects of variable fusion-protein expression The first subroutine uses a histogram-based statistical method
level within cell populations, it will be possible to evaluate to optimally threshold the image acquired in the RFP channel
the effect of changing experimental conditions on the forma- to identify the whole cell region of intere$ROIl). The mean
tion of these nuclear structures. Together, these results demintensity of the area outside the whole nucleus ROI was mea-
onstrate the utility of quantitative image analysis and statisti- sured in both the red and green channel images to define the
cal modeling techniques to rigorously define the mechanisms background fluorescence. Optimal thresholding of the green
that control subnuclear protein organization and function. fluorescence channel image was then used to select the whole

Expression Vectors and Cell Transfection
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nucleus ROI. Measurements of mean fluorescence intensity in Cell A
the whole cell ROl and whole nucleus ROI were used to
estimate the relative expression of mRFP and GFP-GRIP in [tl&¥
each cell. The normalized relative fluorescence intensity for
all images was expressed as gray-level per second exposur
time.

A second subroutine then takes the whole nucleus ROI as
input and optimally thresholds this region using an iterative
method to separate areas of bright fluorescence from sur-
rounding regions. Next, the subroutine measures the shape o
each identified bright ROI using several parameters. For the
studies of GRIP focal bodies described here, ROIs were em- Cell A
pirically defined as statistically significant regions of elevated
fluorescent intensities that have a contiguous size between 1( GFP-GRIP
and 3000 pixels. Additionally, the spherical GRIP foci were %
defined by a roundness value between 0.9 and 1.5 ﬁ
[roundness (4* pi*total ared(perimetef), roundness of per-
fect circle=1], and an axial ratio value between 1 and 1.3.
The algorithm automatically selects the ROIs that meet em-
pirically determined shape parameters of GRIP protein focal
bodies for further analysis. If the ROl does not meet the re-
quirements of spherical GRIP foci, then the ROl is reanalyzed
bY au'FomatIC thre_Sh0|dmg and S_ha_pe meas_ur_ements to deteri:ig. 1 Unbiased cell selection. Pituitary GHFT1-5 cells were cotrans-
mine if GRIP foci are located within the original ROI. The  fected with vectors encoding mRFP and GFP-GRIP. The living cells
process is repeated until all ROIs are evaluated. expressing the fusion proteins were selected for imaging using the RFP

The area and fluorescence intensity of each selected focalignal. Images of two example cells are shown with mRFP and GFP
body ROI is automatically measured and recorded. The Centerfluoresgence channels displayed separately as labeled. Scale bars are
position of the selected GRIP focal body is then used to place 0 #m in length.
a second rectangular ROI that measures the fluorescence in-
tensity of the nucleoplasm surrounding the focal body. The
size of the surrounding square ROI is four times that of the To accomplish this, we have taken advantage of the obser-
selected focal body. All the selected ROIs are marked in the vation that when cells are cotransfected with plasmids encod-
image and each is annotated with the acquired data. All theing two or more protein fusions to VFP-color variants, most
measurements were automatically exported to text files, andall the transfected cells express each different color protein.
further analysis was performed using spreadsheet softwareUsing this approach, cells are cotransfected with an expres-
(Microsoft, Exce) to determine the relationship between the sjon plasmid encoding mREPand a second plasmid encod-
labeled protein expression levels and subnuclear organization.ing the protein of interest, GFP-GRIP. This allowed the selec-

tion of cells for imaging based solely on the expression of the

3 Results diffuse cellular mRFP, with no prior knowledge of the sub-

. . nuclear organization of the coexpressed GFP-GRIP. The im-
3.1 Unbiased Selection ,Of Transfected Cells and ages shown in Fig. 1 demonstrate the selection of cells based
Automated Image Analysis on the expression of mMRFP, and the subsequent detection of

The organization of transcriptional coregulatory proteins into GFP-GRIP among the cells in the transfected population. Im-
highly ordered focal bodies within the cell nucleus is well portantly, the examination of 45 randomly selected mRFP-
documented, but little is known of biological mechanisms that expressing cells revealed that more than 95% also contained a
regulate this organizatidii>?2The nuclear receptor coacti- detectable nuclear GFP-GRIP fluorescence signal. This con-
vator GRIP forms well-defined focal bodies in the nucleus, firmed that images of transfected cells expressing a protein of
but there is also substantial variability in its distribution interest could be obtained using the mRFP channel without
within the cell population, ranging from a diffuse nucleoplas- user bias to particular patterns of GFP-labeled protein distri-
mic distribution to an arrangement of highly concentrated fo- bution or expression level.

cal bodie€!! This variability is exemplified by images of two Within the transiently transfected cell population, indi-
cells taken from the same population expressing GFP-GRIP vidual cells express different relative levels of both mRFP and
(Fig. 1). This cell-to-cell heterogeneity in GRIP distribution GFP-GRIP. In addition, as mentioned before, there is also
makes any analysis of the biological mechanisms that regulatesubstantial cell-to-cell variability in the subnuclear organiza-
GRIP subnuclear positioning based on “representative im- tion of the GFP-GRIP, and we want to quantify this organiza-
ages” difficult, if not impossible. Therefore, it is necessary to tion of GRIP in a consistent and unbiased way. This was
use quantitative imaging techniques and statistical methods toachieved by acquiring images using the GFP channel from
describe the biology that underlies differences between theeach of the cells that were selected based on mRFP expres-
cells expressing GRIP. This rigorous statistical analysis of sion. The images of GFP-GRIP from many mRFP-selected
protein distribution also requires the random sampling of the cells were then batch analyzed using a computer algorithm
cell population during image acquisition. designed to identify and measure the subnuclear distribution
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Table 1 Summary of morphometric data from cells coexpressing
mRFP and GFP-GRIP. All intensity data are relative fluorescence in-
tensity with gray level per second camera time. EF is the mean foci
intensity/surrounding intensity, and OF is the mean foci sizeXmean
EF.

Morphometric data Cell A Cell B
Mean whole nucleus GFP intensity 83 177
Mean whole cell mRFP intensity 268 257
Mean foci area (pixels) 29 70
Mean foci intensity 101 336
Mean surrounding intensity 91 213
Mean enrichment factor (EF) 1.1 1.57
Mean organization factor (OF) 32 110

of proteins without any user interventidgeee Sec. 2Materi-

als and Methods The images shown in Fig. 1 illustrate the

highly variable subnuclear organization of GFP-GRHy. 1

and Table L Despite this, the algorithm identified GFP-GRIP

focal body ROls in the nuclei of both cellEig. 2(a)], and the
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Fig. 2 Computer-assisted image analysis of nuclear GFP-GRIP focal
body organization. The computer algorithm was used to analyze the
images of the cell nuclei that were shown in Fig. 1. (a) The whole
nucleus is shown in gray and the autoselected GFP-GRIP foci are
highlighted with white. The white boxes indicate the surrounding ROI
that was automatically assigned to each focal body. The relative fluo-
rescence intensity along the white line in each image is displayed in
the profile plot. Scale bar indicates 10 um. (b) In the profile plot,
regions in the foci ROIs are highlighted by the surrounding ROlIs that
are indicated with black vertical bars. The morphometric data that
were automatically extracted from these cells are summarized in
Table 1.
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morphometric data describing each ROl were automatically
generatedsummarized in Table)1

Each bright focal body is a region of highly concentrated
GRIP protein, which is surrounded by regions that contain a
lower concentration of GRIP, as illustrated by the intensity
profile plots[Fig. 2(b)]. The ratio of fluorescence signal origi-
nating from the foci to that from the surrounding region
[white squares, Fig.(@)] defines the enrichment fact@eF),
the steady-state concentration of protein maintained in the fo-
cal body. Quantifying the relative intensities of the focal bod-
ies in the two cells in Fig. 2 revealed that the average enrich-
ment factor for the foci in cell B was 1.4-fold higher than that
for cell A (Fig. 2 and Table L Finally, the algorithm deter-
mined an organization fact¢©F) for each cell, which is the
product of foci size and the enrichment factor. The greater the
mean OF value, the larger and more distinct the focal bodies
are in the cell nucleuéFig. 2 and Table L

3.2 Quantitative Analysis of Fluorescent Fusion
Protein Organization and Expression Level in Cell
Populations

To validate this approach, images of 45 cells were collected
based solely on the mRFP signal, and were then analyzed for
GFP-GRIP organization and protein expression using the au-
tomated algorithm. Statistical linear regression and ANOVA
analysis confirmed that foci size, EF, and OF parameters were
all significantly related to the GFP-GRIP expression level in
each cell(F testp-values<0.05. The strong positive correla-
tion between GFP-GRIP expression level and GFP-GRIP sub-
nuclear organization in the cell population is illustrated by the
calculated best-fit line in Fig.(8) (F testp-value=0.0025.
For the proteins studied in this report, we found that the
changing OF values reflect significant changes in both focal
body size and protein enrichment. However, this dependence
of OF on both foci size and enrichment should be confirmed
when applying this method to other experimental systems.
Once this behavior is established, the OF value provides a
convenient way to summarize the morphology of focal bod-
ies. By revealing the statistically significant relationship be-
tween GFP-GRIP fluorescence intensity and OF values, this
method firmly establishes that the formation of the foci is
related to the amount of coactivator protein that is expressed.

The ratio of GFP to mRFP intensity for individual cells
within the selected population was highly variable, and was
distributed over a 250-fold range. This was reflected in the
modest correlation of the expression levels of the cotrans-
fected GFP-GRIP and mRFFF test p-value=0.014, Fig.
3(b)]. Moreover, since the mRFP did not colocalize with GFP-
GRIP (Fig. 1), we would not expect mRFP to influence GRIP
subnuclear organization. To verify this, we quantitatively
compared mRFP fluorescence intensity to the GFP-GRIP or-
ganization in each cell of the population. Statistical analysis
revealed that there was no significant relationship between
these two parametef§ testp-value=0.36, Fig. 3c)], elimi-
nating the possibility that mRFP expression influenced the
organization of GFP-GRIP. This supplies further evidence that
mRFP expression is well tolerated by the cells, similar to
other FP spectral variant3:?’

Together, these results indicated that while most all trans-
fected cells expressed both mRFP and GFP-GRIP, mRFP ex-
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A 500 sible to detect by eye. Therefore, the population of cells ana-
. lyzed contained the cells expressing low levels of GFP-GRIP
-g 400 1 that would not have been captured using conventional quali-
8 tative imaging approaches. Although absolute quantification
c 200 of the relationship between FP concentration and fluorescence
K] intensity in living cells requires specialized techniqée
-ﬁ 200 1 vitro characterization of GFP over a 1000-fold concentration
‘€ 100 % o o range revealed a linear relationship when measured using an
S M epifluorescence microscope and CCD detector that was simi-
5 O : : lar to the instrument used in this stutiBecause the dimmest

0 400 800 1200 cells that we observe are at the limit of detection, it seems

B GFP-GRIP intensity likely that the differences in fluorescence intensity that we

1200 measure here linearly represent the relative changes in the
nuclear concentration of the coregulatory protein.
S, 900
=
]
5 600 3.3 Normalizing Protein Organization Measurements
= o for Differences in Fusion Protein Expression
o300l o2 ° - Levels
'ﬁ:" STTR° ¢ R_=°'13 The interactions of coregulatory proteins such as GRIP with
€ 0 . . P their nuclear receptor partners have been shown to affect the
0 400 800 1200 subnuclear distribution of the coactivators. For example, the
GFP-GRIP intensity distribution of GRIP in the living cell nucleus is affected by
C 500 S — the expression of the estrogen receptor al#Ra).®° How-
s 3 Ro-oe ever, the variability of GRIP distribution within the cell popu-
© 400 1 el lation makes the analysis of the interaction with coexpressed
P nuclear receptors very difficult to quantify without a rigorous
c 3007 ., cell population analysis based on an unbiased cell selection.
-% 200 1 . Here,.v.ve iI'Iustr.ate this problem by sorting the cell population
N W quantified in Fig. 3 into two subpopulations, expressing low
5 100 %0 o © o and high levels of GFP-GRIFFigs. 4a) and 4b)]. Based on
o M" = differences in fluorescence intensity per nucleus, the expres-
(@) 0 T T sion level in these two subpopulations varies by more than
0 400 800 1200 three-fold[Fig. 4@)]. As expected from the earlier analysis
mRFP intensity [Fig. 3@)], these subpopulations had significant differences in

OF values because of the relationship of GFP-GRIP expres-

Fig. 3 Cell lati tudi ing th ter-assisted i . . .
's ¢ POPUIBION SUCIEs UG e comprielassiied Imass sion level to its subnuclear organizatipig. 4(b)]. If a sec-

analysis protocol. Images of 45 cells expressing mRFP and GFP-GRIP

were acquired and analyzed. In the plots, each square represents data ond variable were added, such as the expression of an inter-
from a single cell. The best-fit line in each graph shows the relation- acting protein partner, then the accurate interpretation of the
ship for the cell population between (a) GFP-GRIP subnuclear organi- results would require that the GRIP expression level effects be
zation and relative GFP-GRIP expression level, (b) GFP-GRIP and statistically separated from the effects of the coexpressed pro-

mRFP expression levels, and (c) GFP-GRIP subnuclear organization tein. Therefore, it is important to normalize the measurements
and mRFP expression level. The gray areas define the 95% confidence

intervals for the best-fit lines. The R? value and the ANOVA F test of subnuclear organization for any differences in fusion pro-
p-value estimate the correlation between the parameters as calculated tein expression level.
by linear regression analysis. In the method employed here, this normalization is accom-
plished for each cell in the sampled population by dividing the
GFP-GRIP OF by the relative GFP-GRIP fluorescence inten-
pression was not a good predictor of GFP-GRIP expression sity for each cell. The resulting normalized value is indicated
level. This allowed the selection of cells expressing very low by the abbreviation OF/VFP. If the OF value is linearly re-
levels of GFP-GRIP by using the brighter mRFP signal, which lated to the fusion protein fluorescence intensity, then this
is more easily detected by the user’s eye. Further, the weaksimple arithmetic process will quantitatively cancel the effect
correlation of the expression levels of the cotransfected GFP- of changing expression levels from the OF values. In contrast,
GRIP and mRFP allowed a more random selection of cells more complicated curve fitting methods would be required if
expressing different levels of GFP-GRIP in the population the relationship between expression level and organization ex-
chosen using the mRFP signal. Accordingly, the sample of 45 hibited a strong nonlinear component. However, a linear rela-
cells selected for analysis included a 40-fold range in GFP- tionship was suggested by the correlation of OF values with
GRIP fluorescence intensity per nucle(i8g. 3). Since the GFP-GRIP expressidrrig. 3(a)]. To test the feasibility of this
level of fusion protein expression is a major consideration in simple linear approach, we normalized the two different GFP-
the interpretation of live cell imaging experiments, it is im- GRIP expressing subpopulations described in Figa). dnd
portant to emphasize that the cells at the lower end of this 4(b). As expected, the mean OF/VFP values were statistically
range contained GFP signals that would be difficult or impos- identical for the two cell groups with different expression lev-
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Fig. 4 Normalization of GFP-GRIP morphometric data for differences
in fusion-protein expression level. (a), (b), and (c) The morphometric
data from 45 cells shown in Fig. 3 were divided into two subpopula-
tions based on expression of low levels (gray bars) and high levels
(white bars) of GFP-GRIP. The graphs display the mean values for the
morphometric data representing the two cell subpopulations. The dis-
played p-values estimate the significance of the difference between
the two subpopulations as calculated by ANOVA and post hoc t-test.
Error bars denote standard error of the mean. (d) For each cell, the OF
value quantifying GFP-GRIP organization was normalized for the rela-
tive level of GFP-GRIP fusion protein expression. In the plot, each
square represents the normalized data from a single cell. The gray
areas define the 95% confidence intervals for the best-fit line. The R?
value and the ANOVA F test p-value indicate that there is no signifi-
cant correlation between the normalized morphometric data and
GFP-GRIP expression level in each cell.

o VFP-SMRT

EXCell A, YFP-SMRT|Cell B, YEP-SMRT

]
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4000 # = 0.00000008
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Fig. 5 YFP-SMRT and CFP-GRIP form spatially distinct subnuclear
bodies. (a) Pituitary GHFT1-5 cells were cotransfected with vectors
encoding YFP-SMRT and CFP-GRIP. Images of a living cell show the
fluorophores separately as labeled, and together in the overlay. (b)
GHFT1-5 cells were cotransfected with vectors encoding mRFP and
YFP-SMRT. The living cells expressing the fusion proteins were se-
lected for imaging using the RFP signal. The YFP fluorescence channel
images are displayed for two example cells with differing levels of
YFP-SMRT expression. The scale bar denotes 10 um. The morphomet-
ric data that were automatically extracted from these cells are sum-
marized in Table 2. (c) Images of 28 cells coexpressing YFP-SMRT and
mRFP were acquired and analyzed. In the plots, each square repre-
sents data from a single cell. The best-fit line shows the relationship
for the cell population between YFP-SMRT subnuclear organization
and relative YFP-SMRT expression level. The gray areas define the
95% confidence intervals for the best-fit line. The R? value and the
ANOVA F test p-value estimate the correlation between the param-
eters as calculated by linear regression analysis.

move the influence of GRIP expression level from the mor-
phometric data measuring GRIP subnuclear organization, al-
lowing other experimental factors to be examined in isolation.

3.4 Comparison of Coactivator and Corepressor
Subnuclear Organization

Similarly to the coactivator GRIP, the transcriptional core-
pressor SMRT has also been reported to form spherical sub-
nuclear bodie$® Here, we directly compare the nuclear focal
bodies formed by GRIP and SMRT. When GRIP and SMRT
were coexpressed in the same cells, each protein formed its

els[Fig. 4(c)]. The accurate normalization for the GFP-GRIP own distinct population of nuclear focal bodigBig. 5a)].
expression levels was further confirmed by demonstrating that Considering this observation, it seems likely that protein-
there was no significant correlation between the OF/GFP val- specific interactions function to concentrate these divergent
ues and the GFP-GRIP expression level in each cell in the proteins into distinct subnuclear domains. Therefore, although
population[Fig. 4(d)]. This statistical analysis showed that the focal body formation is a behavior common to these divergent
expression level normalization method could effectively re- protein families, these coregulators are not simply sequestered
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Table 2 Summary of example cell morphometric data coexpressing A E P
mRFP and YFP-SMRT. All intensity data are relative fluorescence in- g 500 n=14 =1
tensity with gray level per second camera exposure time. EF is the %) p=00007 |
mean foci intensity/surrounding intensity. OF is the mean foci size o 400 J_
Xmean enrichment factor. '->': > 300
=~ 2 200
Morphometric data Cell A Cell B 22 100
=£ 0 —
Mean whole nucleus YFP intensity 54 216 B T
Mean whole cell mRFP intensity 38 65 L 1200 p=0000s | |
Mean foci area (pixels) 47 231 2 800
@
Mean foci intensity 183 1335 g 400 -
Mean surrounding intensity 88 315 0
C
Mean enrichment factor (EF) 2.1 4.2 a2 s
Tl p> 0.05 T
Mean organization factor (OF) 98 974 E Qo “ L
c
o= 3
c 'n_: 2
@
0= |
=0
0 Low level High level
via widely utilized protein ?nteractions_, such as those targeting e%vrei‘éieon e;%regg;n
general proteasome-mediated protein degradation. D > 100
When YFP-SMRT was expressed in cells, we observed £ og" R?=0.12
that it had similar heterogeneity in its subnuclear distribution g 75t R>008
when compared to GRIP. Some cells had a more diffuse pat- =
tern containing very small focal bodies, while other cells had DE: 5.0
SMRT organized in larger, more concentrated focal bodies ]
[Fig. 5b) and Table 2 Next, YFP-SMRT expressing cells &% 25
were randomly selecteth=28 cells) for image acquisition E o
using coexpressed mRFP, and morphometric data describing c8 o

L . . 0 300 600 900 1200
the subnuclear organization were consistently extracted using YFP-SMRT intensity per cell

the automated algorithm. Statistical analysis of the morpho-
metric data revealed a linear correlation between YFP-SMRT Figf- 6 Normalization of YFP-FM'TT(HW)OF(E?OmZ"(iC) (]ﬁ:a for diLfefenC?S
. - -protein expression level. (a), (b), and (c) The morphometric
expression levels and focal body organizatidfig. 5(c)]. n fusion-pro n ¢ nae
. . . data from 28 cells shown in Fig. 5(c) were divided into two subpopu-
These rt_asults paralleled our previous studies of the coactivator|agions based on expression of low levels (gray bars) and high levels
GRIP(Fig. 3 and corepressor NCoRand suggested that the  (white bars) of YFP-SMRT. The graphs show the mean values for the
organization of both coactivators and corepressors is highly morphometric data representing the two cell subpopulations. The dis-

sensitive to changes in the concentrations of these divergentplayed p-values est.imate the significance of the difference between
transcriptional corequlatory proteins the two subpopulations as calculated by ANOVA and post hoc t-test.

p 9 y p_ ) . Error bars denote standard error of the mean. (d) For each cell, the OF
To extend these observations and place them in contextyalue quantifying YFP-SMRT organization was normalized for the

with our analysis of coactivator protein subnuclear distribu- relative level of YFP-SMRT fusion protein expression. In the plot, each

tion, the morphometric data for YFP-SMRT expressing cells square represents the normalized data from a single cell. The gray

[Fig. 5c)] were divided into two subpopulations based on areas define the 95% confidence interya|§ for the best-fit 'Iine. The .R.z
. . - . value and the ANOVA F test p-value indicate that there is no signifi-

expression level. The results of this statistical analysis sup- cant correlation between the normalized morphometric data and YFP-

ported the linear correlation between expression level and fo- SMRT expression level in each cell.

cal body organizatiorfFigs. 6§a) and Gb)]. When the two

different YFP-SMRT subpopulations were normalized for dif-

ferences in expression level, the OF/YFP values were statisti-4 Discussion

cally the samgFig. 6(c)], indicating the accurate normaliza-  The assembly of transcriptional coregulatory proteins into
tion of the morphometric data. In addition, linear regression highly ordered complexes within the cell nucleus is well

analysis confirmed that there was no significant correlation jocumented, but little is known of biological mechanisms that
between OF/YFP values and YFP-SMRT eXpreSSion in each regu|ate this Organizaticﬁ-l_'lsazzr?’l Fluorescence microscopy

cell within the populatior{Fig. 6(d)]. These results are very  of proteins labeled with the VEPs provides a way to directly
similar to those characterizing the organization of GFP-GRIP visualize the assembly of coregulatory proteins into these
in the cell populatioricompare Figs. 4 and)Gsuggesting that ~ complexes, but this approach is complicated by the cell-to-
this expression level normalization method will be useful in cell heterogeneity in the subnuclear distribution of these pro-
the study of many different subnuclear features. teins within the cell population. We showed that the coactiva-
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tor GRIP is found in patterns ranging from a diffuse structures even in cells with a high degree of diffuse nucleo-
nucleoplasmic distribution to an arrangement of highly con- plasmic signal(Fig. 2). The important advantage of this ap-

centrated focal bodiegFig. 1). This heterogeneity prevents proach is that all the cell images were reproducibly measured
the accurate analysis of GRIP subnuclear morphology underusing the same rule-based system, with no user intervention.

different experimental conditions using qualitative image In addition to the coactivator and corepressor proteins,
analysis, since no single image can adequately represent thenany other nuclear proteins also organize in focal bodies or
cell population. “speckles,” including splicesome subunits, p80 coilin, and

To address this issue, we developed an integrated imagingpromelocytic leukemia proteifPML).*~® These structures
method for the rigorous analysis of subnuclear protein mor- form by a process of self-assembly, and the proteins within
phology in heterogeneous cell populations. The approachthese structures are in dynamic equilibrium with proteins in
combines unbiased image acquisition, automated morphomet-the surrounding nucleoplashi®3*Moreover, the interactions
ric data extraction, and statistical modeling to minimize sub- between the coregulatory proteins and the nuclear hormone
jectivity and error in the quantitative results. Each component receptors, which bind to DNA and function to control tran-
of this method was designed to extract reliable biological in- scription in response to specific ligands, regulate the fraction
formation from complex digital imaging datasets. The statis- of proteins localized in focal bodiés:*6343°For example,
tical modeling of the quantitative imaging data was then used GRIP is recruited from focal bodies by its interactions with
to characterize the complex behavior of GRIP morphology in both the estrogen and androgen receptdt&urther, the sub-
cell populations, establishing significant differences between nuclear organization and function of SRC-1, a related coacti-
distinct subpopulations. By correlating measurements of mul- vator protein, are also regulated by these nuclear steroid hor-
tiple cellular features, we demonstrated that a concentration-mone receptors in a ligand-dependent marn& Similarly,
dependent mechanism accounts for a large component of hetthe transcriptional corepressor RIP140 forms spherical focal
erogeneity between cells for GRIP subnuclear organization. bodies that are redistributed by the glucocorticoid receptor.

The application of statistical modeling to digital imaging In light of the heterogeneous distribution of the coregulatory
datasets requires an unbiased selection method to acquire theroteins, however, the analysis of how the nuclear receptors
images. This is critical because unintentional user bias during affect the localization of the coregulatory proteins requires the
the selection of cells for image acquisition will prevent the use of an unbiased and quantitative imaging approach. Impor-
sampled cells from accurately representing the population. Al- tantly, we show here that it is possible to normalize coregula-
though various fluorescent dyes have been used to select cellsory protein subnuclear organization for the effects of expres-
for automated image analysisthese staining methods would ~ sion level in each cellFigs. 4 and & This normalization
not preferentially identify cells that exogenously express the method allows the effects of DNA-binding factors to be sta-
VFP-labeled fusion protein of interest. In this study, we used tistically verified even in cell populations with different levels
the diffuse fluorescence signal from the cotransfected mRFPof coregulator concentration. Since differences in expression
to select cells for analysis of GRIP subnuclear distribution levels would interfere with the comparison of different experi-
with no prior knowledge of the localization of GFP-GRIP. mental cell populations, these quantitative techniques will be
This analysis revealed a weak correlation between the mRFPcritical for understanding how DNA-binding transcription fac-
and GFP-GRIP expression levelBig. 3). Importantly, this tors regulate the subnuclear organization and function of co-
weak correlation allowed the selection of a wide range of regulatory proteins.

GFP-GRIP expression in the sampled cells, including cells  Recent studies indicate that the transcriptional activity of
that contained very low levels of GFP-GRIP that would not the nuclear receptor-coregulatory protein complex is coupled
have been detected by eye. The application of statistical to protein degradatioff, and GRIP foci have been shown to
analysis to the selected populations of cells indicated that the contain some proteasome componéht8ecause several pa-
level of MRFP expression was not correlated with the forma- thologies are linked to the formation of nuclear focal bodies
tion of GRIP subnuclear bodies. Taken together with our ear- by aberrant proteins that recruit proteasomes, focal bodies
lier population analysis of cells expressing YFP-labeled core- have been regarded as generalized sites of protein
pressor protein$, these results confirm that the mRFP can be degradatiori®3® However, several lines of evidence argue
used to select cells during image acquisition without affecting against applying this point of view to all subnuclear bodies.
the subnuclear organization of coexpressed transcriptionFirst, the coregulatory proteins are not irreversibly trapped in
factors. focal bodies, but are in dynamic equilibrium with the sur-

User bias in the selection and measurement of specific sub-rounding nucleoplasri.*°Additionally, the coregulatory pro-
cellular features also introduces inaccuracies into the morpho-teins associated with focal bodies maintain interactions with
metric data. This problem becomes more pronounced whenother functional protein partners, and the nuclear receptors
multiple features within sets of digital images are subjectively regulate the fraction of proteins localized in focal
measured, and the resulting error will hinder the anafisis. bodies®®13343¢we showed for the first time that the focal
However, multiple morphometric measurements must be bodies formed by a coactivator protdiBRIP) were separate
made for each cell within the sampled population to reveal the and distinct from those bodies formed by a corepressor pro-
biological mechanisms that underlie the subcellular distribu- tein (SMRT) [Fig. 5@)]. This novel finding suggests that spe-
tion of proteins. To resolve these issues, we applied a custom-cific functional interactions must target coactivators and core-
ized image analysis algorithm that automatically selected and pressors to the different subnuclear regions, supporting the
measured multiple cellular features for each image within the previous evidence that subnuclear bodies are not merely sites
dataset. The results demonstrated that the automated algoef degradation for abberant proteins. We also used the quan-
rithm was robust, appropriately selecting subnuclear GRIP titative image analysis approach to compare the formation of
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nuclear focal bodies by GRIP and SMRT. Despite their dis-
tinct subnuclear localization, statistical analysis revealed that
the formation of both GRIP and SMRT focal bodies was di-
rectly related to the expression level of the coregulatory pro-
teins[Figs. 3a) and Hc)]. In addition to the effects we have
shown for coregulatory proteins, similar concentration-
dependent behavior has been observed for other distinct
spherical subnuclear structures, such as Cajal b8tiehas
been hypothesized that the exchange of proteins between sub-
nuclear structures and the nucleoplasm is intricately
regulated®! and changing protein expression levels may con-

tribute to this process. Taken together, these results support a2,

regulated mechanism of self-assembly of like proteins into
distinct multimeric complexes, potentially serving as a reser-
voir for those protein§?=**

The broad goal of many cellular imaging studies is to un-

derstand how different experimental conditions regulate sub- 13.

cellular structure and function. In these studies, it is critical
that the analytical techniques rigorously account for variabil-
ity in the cell population. Here, the subnuclear organization of
transcriptional coregulatory proteins was used to exemplify
the complexity of imaging data that accurately represent the
cell population. We have shown that rigorous quantitative im-
aging techniques are necessary to simplify the analysis of
these complex datasets. The integrated methods that were

validated in this report could be easily adapted to study the 16
17.

organization of other transcriptional regulators, or other sub-
nuclear structures such as Cajal bodies or PML botités.
Based on these results, we propose that this novel combina-
tion of unbiased image acquisition, automated morphometric
data extraction, and statistical modeling techniques will be
essential for rigorously addressing many critical questions in
cell biology.
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