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ABSTRACT

Biochemical and computer-assisted digital image analysis techniques were

used to study fthe proliferation and granulocytic differentiation of HL-60
|

leukemia cellsJ which were induced to differentiate by retinoic acid (RA). HL-
60 cells were synchronized by density arrest (DA), double thymidine block (TB),
or flow cytometric sort (FCM). Following release from synchrony, proliferation
was evaluated by staining for incorporated bromodeoxyuridine (BrdUrd, % S
phase cells), mitotic index, cell counts, and digital image analysis of Feulgen
stained cells. Data revealed increased synchronization of cells by TB. Digital
image analysis of changes in total optical density (TOD) of Feulgen stained cells
following release from TB verified the greater synchrony achieved by TB. Fisher
linear discriminant analysis using chromatin textura. features was used to
distinguish G; from S and G, phase cells. Evaluation of biological descriptors
over a 7 day period demonstrated less proliferation and increased differentiation
for RA-induced TB cells than for RA-induced DA cells. These descriptors
included differential counts, nitroblue tetrazolium reduction (NBT), staining for

myeloperoxidase (MPO) and immunofluorescence staining for C3bi receptors.
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Digital image analysis revealed suppression of DNA synthesis by lower Feulgen
TOD of RA-treated cells as early as one day after induction. The decreasing
trend in Feulgen TOD of RA-treated cells correlated with decreased percentages
of these cells incorporating BrdUrd. Similarly, differentiation-related changes in
many image feature values correlated with changes in biological assays.
Additionally, several textural image features demonstrated statistically significant
differences from time-matched controls as early as day 1 after RA induction. A
combination of image features was used in Bayesian analysis to achieve an
approximately 90% correct classification of RA-treated and untreated cells by

the 7th day of RA exposure.
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INTRODUCTION

Myeloid Cellular Development

Bone marrow'cells, which give rise to mature leukocytes, erythrocytes, and
thrombocytes of the peripheral blood and other tissues are referred to as
myeloid stem cells (1-4). A fraction of the myeloid stem cell population gives
rise to mature blood cells and histiocytes, while the refnainder of the population
acts as a reservoir for future production of mature cells (1, 4).

The process of phenotypic maturation of cells is known as differentiation.
Pluripotent myeloid cells continue to divide following the onset of differentiation,
but in most cases cease to divide at some point in the differentiation process (1,
2, 5-7). Other cells, such as lymphocytes, proliferate as a result of mitogen-
induced differentiation (2). Differentiation may be reversible during early stages
of the process (5, 8). However, it eventually becomes irreversible and leads to
cell death (5, 9, 10). Death of mature cells necessitates their replacement by
developing cells from the bone marrow reservoir.

Myeloid stem cells are influenced by a variety of cytokines, such as colony

stimulating factors and interleukins, which regulate proliferation and induce
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differentiation (1, 2, 11-14) as illustrated in Figure 1. Under normal conditions,
myeloid stem cells are found primarily in the bone marrow and to a very minor
extent in the peripheral blood (1). However, considerable numbers of immature
myeloid cells in the peripheral blood are marks of leukemia or severe infection
(2). Apparently, myeloid leukemia cells are blocked at various early stages of
differentiation (15-19). They continue to proliferate, without further
differentiation.

In vivo studies have contributed to an understanding of the kinetics (20),
morphological changes (2, 3), and biochemical changes (2, 10, 11, 19, 21-23)
associated with myeloid cellular maturation. However, such in vivo studies are
hindered by the complexity of cytokine interactions (seen in Figure 1). In vitro
experimental systems are required in order to better understand the process of
myeloid development (1). In vitro studies of primary leukemia cultures (24-27)
and established myeloid cell lines (15-19) allow for simplified analyses of the
effects of various stimuli on myeloid development under controlled conditions.
Unfortunately, observations of myeloid development in vitro do not necessarily
imply any similarity to myeloid development in vivo (1). Nevertheless, myeloid
leukemia cells have been useful in studies of the molecular changes and

mechanisms associated with differentiation (12, 15-17).
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Figure 1. Normal granulocyte and monocyte developmental scheme. The figure shows
morphologically recognized cell types and biochemical factors involved in myeloid development.
Arrows pointing toward cells indicate an influence of the factor on growth and/or differentiation
of a cell type, while arrows leading from cells indicate production of factors by cells.
Abbreviations: CFU-GM = granulocyte/monocyte colony forming unit, CFU-G = granulocyte
colony forming unit, CFU-M = monocyte colony forming unit, CSF = colony stimulating factor
for each cell lineage, Il = interleukin and PMN = polymorphonuclear neutrophil
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The HL-60 Cell Line as a Model of In Vitro Development

The HL-60 cell line has been extensively studied for its bipotent
(granulocytic and monacytic) differentiation ability (15-19, 28-30). HL-60 stem
cells have a predominately promyelocytic appearance. Although, a small
percentage of the population may be myeloblasts, and up to 10% of the cells
have been reported to spontaneously differentiate beyond the promyelocyte stage
(31). HL-60 cells were isolated at M.D. Anderson hospital from a 36 year-old
caucasian female during the late 1970’s (31, 32). The original culture grew only
in the presence of human embryonic lung-conditioned medium, but was later
found to no longer require the conditioned medium (30, 32). Gallo et al. (33)
discovered that chemical inducers of Friend erythroleukemia cell differentiation,
such as dimethyl sulfoxide, retinoids and phorbol esters, also induce HL-60
differentiation.

As HL-60 cells develop along a granulocytic or monocytic lineage they
acquire characteristics associated with normal granulocytes or monocytes,
respectively (34-43). Morphologically, HL-60 cells induced along the monocytic
pathway develop the appearance of adherent macrophages (34, 44, 45).
Similarly, HL-60 cells induced along the granulocytic pathway demonstrate
increasing nuclear convolution, loss of nucleoli, and decreasing cytoplasmic

basophilia (9, 19, 31, 33, 41, 42, 46, 47).
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The cytoplasm of HL-60 stem cells is laden with primary or "azurophilic"
granules which contain enzymes (2, 6, 48-50). Maturation is accompanied by a
decline in primary granules and the levels of enzymes associated with these
granules, such as myeloperoxidase (10, 21, 51-54). This decline in azurophilic
granule production accounts for the decreased cytoplasmic basophilia observed
during granulocytic maturation. As HL-60 cells mature they develop secondary
or "specific" granules which contain different enzymes, such as proteases and
esterases (10, 49, 54). Maturation of HL-60 cells also leads to the devclopmeﬁt
of a microbicidal superoxide generating system (19, 33, 40-42, 55), chemotactic
(56), and phagocytic (19, 34, 50) capabilities. Surface receptor changes
associated with maturation of normal granulocytes and inonocytes, such as the
develépment of Fc (19, 43, 57) and complement receptors (19, 21, 43, 58), are
also demonstrable in differentiating HL-60 cells. Enzymatic, functional and
antigenic marker characteristics of undifferentiated and variously differentiated
HL-60 cells are listed in Appendix B.

Chemical Inducing Agents of HL-66 Differentiation

Many naturally occurring as well as synthetic chemical inducing agents of
HL-60 differentiation are known (Appendix C). Naturally occurring inducing
agents include the retinoids (47, 59-62) and a number of cytokines, such as

gamma interferon (19, 37, 63) and colony stimulating factors (12, 19, 64). Most
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manmade inducing agents are chemically simple moieties, such as
dimethylsulfoxide (19, 46).

Most inducing agents show a definite lineage specificity (19, 30) producing
exclusively macrophages or polymorphonuclear neutrophils (PMNs). Although,
certain inducing agents produce a proportion of macrophages and PMNs
(Appendix C). Other inducers or conditions produce eosinophils or basophils
(65, 66). Commonly used inducing agents of HL-60 cells toward macrophages
include phorbol esters (19, 37, 44) and gamma-interferon. Commonly used |
inducers of HL-60 cells toward PMNs include DMSO and the retinoids, such as
vitamin A and isomers of retinoic acid (47, 59-62).

Effect of Cell Cycle Synchronization

on_Myeloid Differentiation In Vitro

As mentioned earlier, stem cell differentiation is inversely related to
proliferation (5-7) and, hence, may be related to the cell cycle. Thus, studies of
myeloid cellular differentiation have stimulated investigation of myeloid
proliferation and cell cycle kinetics (29, 67-71).

The existence of a specific differentiation induction point within the
division cycle of stem cells is controversial (34, 72-82). The consensus is that
such a cell cycle differentiation induction point probably exists within G, or G,

(34, 72-75, 77, 82). Although, a body of data exists which has been used to
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argue for a variety of cell cycle points as the differentiation induction locus (34,
73, 75, 77, 78, 81, 82). If such a cell cycle point exists, synchronization of cells
at this point, prior to differentiation induction, might facilitate synchronous and
increased differentiatién. Experimentally, it appears that synchronization of stem
cells does lead to more rapid differentiation (34, 44, 72-74, 83).

Role of the C-Myc Oncogene in HL-60 Development

Several oncogene sequences and oncoproteins are highly expressed in HL- |
60 cells (Appendix D). The c-myc gene is perhaps a key oncogene in triggering
the transition from proliferation to differentiation in HL-60 and other stem cells
(84-86). C-fnyc is the cellular homologue of the avian MC 29 transforming virus
gene (84-95). The human c-myc gene produces a nuclear binding protein in the
range of 62 to 67 kD (96-100). A suspected degradation product of this protein
in the range of 40 to 50 kd has also been identified in the cytoplasm of certain
cells (101, 102).

The precise function of c-myc is unknown. Although, the nuclear protein
is almost certainly associated with proliferation (103-105). Levels of c-myc
transcripts and proteins appear to be constant throughout the cell cycle (106,
107), except in quiescent (104) and differentiating cells (85, 86, 90-92) in which
c-myc expression is eventually down regulated. This down regulation makes c-

myc a valuable marker of proliferation and differentiation status in stem cells for
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which it has been used extensively (67, 84-87, 90, 92-95).
Methods Used to Study Cellular Development
at the Molecular Level
Separation and detection methods such as various types of
chromatography, gel electrophoresis, Western (protein), Northern (RNA), and
Southern (DNA) blotting have contributed much to the understanding of the
molecular mechanisms of cellular development. Unfortunately, such techniques
require the lysis of cells and physical or chemical extraction of cellular
components which may lead to artifactual results. Extensions of these
techniques, such as immunocytochemical staining of cells and in situ
hybridization techniques have allowed preservation of cellular architecture and
study of cells in a more natural state. Moreover, augmentation of cellular
staining and hybridization techniques with computer-assisted microscopic
measurements provides in depth data on the quantities and distributions of
detected molecules within individual cells and cell populations.
Analytical cytology is the quantitative study of structurally intact cells
(102). Analytical cytology may be subdivided into flow cytometry and digital
image analysis (102). Flow cytometry quantitates a few parameters on a
relatively large number of cells. Digital image analysis, at present, quantitates

more parameters than flow cytometry, but on far fewer cells. The combination
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of analytical cytology with cytochemical and immunocytochemical staining
techniques for specific molecular targets in situ, permits investigators to perform
quantitative molecular biology on cells in a nearly natural state (102, 108-111).

Major advantages of digital image analysis include precise quantitation of
image characteristics, the collection of mean image feature values, and measures
of the data variation within populations of cell images (102, 108). Another key
advantage of computerized image analysis is detection and study of "subvisual"
(visually imperceptible) patterns or textures (112). Human perception cannot
recognize subtle differences in highly detailed images. Although, the image
patterns may be statistically different. Therefore, computer-assisted digital image
analysis provides one means for the detection of imperceptible cellular changes
and discrimination of visually identical stained cells.

‘ Technical Aspects of Digital Image Analysis

As previously stated, digital image analysis involves the detection,
quantitation and study of cytochemically or immunocytochemically stained
cellular components and architecture by global (size, shape, total and average
optical density) and textural image features. Image features are mathematical
formulae which process raw data from images. The values generated by image
features reflect physical and geometric characteristics of cells. Textural

measurements of digitized images of stained cells contain qualitative and
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quantitative data on the spatial distribution of molecules within cells. Image

texture may be evaluated by a variety of mathematical techniques related to

periodicity, granularity and the probability of transition of neighboring optical
density values from one range to another (113, 114).

In the past, digital image analysis has been a technique utilized to a
greater extent by physicists than by biologists, because of the computer size and
programming expertise formerly required (115). However, in recent decades
biologists have found increasing applications for digital image analysis in cell
biology and medicine. This is partly due to the success of some early systems,
such as TICAS (Taxanomic Intracellular Analytical System; 116). The increased
demand for digital image processing systems by biologists has led to the
commercialization of these systems. Today, micro-computer based systems, such
as the SAMBA 200 (System for Analytical Microscopy in Biological Applications;
117) and CAS-100 Workstation (Cell Analysis Systems; 108, 114, 118) are used
by investigators in a variety of diverse subdisciplines of biology. The CAS-100
workstation, in particular, provides a relatively inexpensive and "user friendly"
digital image analysis system intended for pathologists, cancer researchers and
cell biologists (108, 114). CAS-100 hardware includes a charge coupled device
(CCD) video camera linked to a light microscope, video display monitor and an

IBM enhanced-AT computer. The video camera recognizes 256 grey levels,
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making it 5 times more sensitive than the human eye (113).

CAS-100 software consists primarily of the Cell Measurement Program
(CMP) which is subdivided into programs for data acquisition, cell measurement
and statistical analysis. The data acquisition programs permit gathering,
digitization, storage, retrieval, import and export of images of stained cells.
Programs for cell measurement are subdivided into algorithms that handle
calculation of feature values for stained nuclei or cytoplasmic components.
Feature value calculations may be performed in real-time or from stored images.
The statistical analysis programs emphasize multivariate analysis of image data
and graphic display of results using linear discriminant histograms and
multidimensional scatter plots which are projected down to 2 dimensions. The
statistical programs also assess the discriminatory power (i.e., percentages of cells
correctly classified by computer analysis) of image features by use of Bayesian
classification.

The CMP automatically includes the 4 global image features (area, shape,
total and average optical density) in each study. However, the investigator may
select from 22 textural features (114). Most of the textural features have a
comprehensible physical or geometric interpretation (113). Thus, textural
features reflect the spatial distribution of cellular components (nucleic acids,

proteins, etc.) within stained cells.” Several of the textural features are highly
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correlated (113, 114). Other textural features are not correlated and represent
diverse aspects of image texture. For example, some features measure the
statistical distribution of optical density values (e.g.,, OBTX, TXJ, TXO and
TXQ), while other features measure -image contrast (TXB, TXD, and TXE),
granularity (TXV), symmetry (TXU), or correlation within and between groups
of optical density values (TXC and TXN). Other image features quantitate
randomness of image optical density values (TXH, TXI, TXK and TXL) and the |
tendency of optical density values to converge on a constant value (TXF, and
TXG). Still other image features place greater emphasis on large optical density
differences over small differences (TXR, TXT). A complete list of CAS-100
image analysis features, their common names, mathematical fomulae, and

physical or geometric interpretations is given in Appendix F.

Role of Digital Image Analysis in Cell Biology

and Myeloid Developmental Studies

Some past biological studies have centered on discrimination of
morphologically similar cell types. For example, B and T cells have been
distinguished by their Feulgen (stoichiometric DNA stain) stained chromatin
distribution patterns with a high degree of accuracy as validated by immunologic
labelling techniques (119, 120). In addition, cancer cells with appearances

similar to normal cells have been identified (112, 113, 121) as have various types
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of leukemia cells (122) and drug-resistant cells (123).

Some other image analysis studies have assessed the impact of
environmental insults, such as nutritional depravation (118), chemical toxicity
(125), viral infection (126, 127), and X-ray irradiation (124) on insulted cells. In
each case, digital image analysis has successfully distinguished insulted cells from
control cells on the basis of differences in Feulgen stained chromatin patterns.

Digital iﬁage analysis has also been utilized to probe changes occurring
during other biological processes, such as the cell cycle (117, 128-133) and
cellular differentiation (126, 134-141). These studies have demonstrated high
degrees of correct classification for cells in the various phases of the cell cycle.
Similarly, cells in different early stages of differentiation, when morphologic
differences are imperceptible, have been identified by digital image analysis (140,
141).

Image studies of differentiation have shown correlations between changes
in image feature values and biological feature values. For instance, in time-
dependent studies of erythroblast differentiation, Dérmer et al. (134)
demonstrated that changes in image feature values correlated with decreased
DNA synthesis and increased functional differentiation. Dérmer et al. assayed
DNA synthesis by tritiated thymidine incorporation and functional differentiation

by hemoglobin content. Furthermore, in studies of mitogen-induced lymphocyte
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transformations, certain image feature values have correlated with increased
DNA synthesis and blast formation (135) as a function of time after activation.

In other time-dependent differentiation studies, Olson and Bartels (126)
used digital image analysis to distinguish murine splenocytes and peripheral
blood lymphocytes which were undergoing Friend virus-induced transformation.
Feulgen stained cell images were classified as transformed or untransformed over
a 32 day period with a 100% correct classification by computer analysis at the
end of this period. A significant level of virus-transformed cell images were
detected on day 4 in the spleen and on day 8 in the peripheral blood. Again,
alterations in image feature values correlated with changes in biological
descriptors, such as degree of splenomegaly, leukocytosis, dramatic changes in
mitogenic responsiveness and percentages of B and T lymphocytes.

With regard to digital image analysis of granulocytic differentiation, two
general approaches have been taken by investigators. The first involves
subjective visual classification of developing granulocytes into the various
morphologic stages (136-139) depicted in Figure 1. Cells representing each class
are scanned and image derived data are analyzed for possible statistically
significant trends in the progression from myeloblasts to PMNs. The second
technique involves random sampling of cell images from differentiating myeloid

stem cells at various times after induction of granulocytic differentiation (140,
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141). In this approach, cells are objectively scanned (i.e., without regard for
cellular morphology). This strategy has also demonstrated statistically significant
trends in image feature values over time and an increasing ability to discriminate

differentiating cells as they diverge from their precursors (140, 141).
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STATEMENT OF THE PROBLEM

HI-60 cells represent a valuable experimental model of myeloid
development. However, study of HL-60 development is complicated by the
morphologic and cell cycle heterogeneity of these cells. Two approaches were
combined to improve study of HL-60 development. First, cells were
synchronized by double thymidine block or density arrest in order to reduce cell
cycle heterogeneity and facilitate identification of differentiating cells. Second,
cellular proliferation and differentiation were studied by digital image analysis
which has been used extensively to identify and quantitate these 2 processes.

This dissertation presents studies on the effects of retinoic acid on
proliferation and differentiation of HL-60 cells as detected by computer-assisted
digital image analysis. The specific objectives of these studies are: (i)
identification and quantitation of image features indicative of HL-60 proliferation
and granulocytic differentiation; ( ii ) evaluation of various cell cycle
synchronization protocols on the degree of synchrony achieved in HL-60 cells by
use of biological and image analysis techniques; ( iii ) assessment of cell cycle

synchronization protocols on the levels and speed of cellular differentiation by
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use of biological and image analysis techniques; ( iv ) quantitation of biological
characteristics related to HL-60 proliferation and differentiation; ( v )
comparison of changes in image feature values with biological descriptors during
proliferation and differentiation; ( vi ) optimization of computer-assisted
discrimination of cells into RA-treated and untreated groups as a function of

time after RA-induction.
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MATERIALS AND METHODS!
Cell Line and Culturing Conditions

HL-60 cells were obtained at various passages from Dr. Thomas Lindell
(Department of Molecular and Cellular Biology), and Dr. Robert McNamara
(Department of Nutrition and Food Science) at the University of Arizona and
from American Type Culture Collection (ATCC # CCL 240). Cells were
cultured in RPMI-1640 (Mediatech Inc., Herndon, VA.) supplemented with 15%
heat inactivated (56°C for 30 minutes) fetal bovine serum (FBS; Hyclone, Logan,
UT.), 10 mM HEPES, 2 mM sodium pyruvate (Sigma, St. Louis, MO.), 2 mM
L-glutamine, 240 units per ml mycostatin or nystatin (Sigma), 100 pg/mi
streptomycin and 100 units per ml penicillin (GIBCO, Grand Island, N.Y.). The
pH of the medium was adjusted to 7.2 to 7.4 with 7.5% sodium bicarbonate.
This medium is hereby referred to as "complete medium". Routinely, cells were
inoculated at 2 x 10%/ml into 8 ml of complete medium in 60 mm x 15 mm
plastic culture dishes (Falcon #3002, Becton Dickinson, Lincoln Park, NJ.) and
cultured at 37°C and 5% carbon dioxide in a humid incubator for a period of 7
days to allow cells to reach saturation density (> 4 x 10° cells per ml). This

technique is hereby referred to as "density arrest" (DA). Cells were usually not

I All reagents and methods not specifically defined in Materials and Methods are given in
Appendix E.
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passaged until the plateau phase of growth had been reached. Passages 20-40
were used for all experiments cited in this work. Cells were routinely passaged
until passage 40 with frequent freezing of cells between passages 20 and 40.

For storage in liquid nitrogen, cells were first pelleted in 15 ml plastic
conical tubes (Corning #25311, Corning N.Y.) by centrifugation at 100 x g for 5
minutes and resuspended to approximately 2 x 10%ml in RPMI-1640 plus 30%
FBS and 10% dimethyl sulfoxide (Fisher Scientific, Pittsburgh, PA.). One ml
portions of cell suspensions were transferred to plastic cryogenic vials (Corning
#25702). Cells were slowly frozen by placing at 4°C for 30 minutes, followed by
placement at -20°C until completely frozen (approximately 1 hour), then placed
at -80°C overnight, and finally stored in a liquid nitrogen tank.

Frozen cell suspensions were thawed by placement of vials in a 37°C
water bath with agitation. When the medium was liquified (approximately 2
minutes) cells were diluted in 10 ml of complete medium and centrifuged at 100
x g for 5 minutes. The supernatant medium was then aspirated and cells (2 x
109 cells in 0.1 ml) were inoculated into 6 ml of fresh complete medium in 60
mm x 15 mm culture dishes. Two ml of HL-60 conditioned medium, which were
collected from early passage cultures at split, filter sterilized and frozen at
-20°C, were added to the culture for growth factors. Cultures of thawed cells

were given 2 or more weeks to stabilize before use in experiments. All cell
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counts and viability assays were done by 0.2% trypan blue dye exclusion.
Preparation of Cells and Slides

Cells from culture were placed in 12 x 75 mm siliconized (Sigmacoat,
Sigma) glass tubes (VWR Scientific, Phoenix, AZ.) and washed twice in'room
temperature (RT) Dulbecco’s Phosphate Buffered Saline (D-PBS) on a Serofuge
IT for 2.5 minutes with high acceleration. Dead cells from cultures with
viabilities < 90% were removed by centrifugation over an FBS gradient (10%
FBS in D-PBS). Gradients were made in 15 ml conical tubes and centrifuged
on a DPR-6000 centrifuge (Damon, IEC Division, Needham Hts., Mass.) at 164
x g for 5 minutes. Gradient washed cells were then washed in D-PBS on the
Serofuge II as described before. Cells were saved for slide preparation and
analysis as described below.

Normal human polymorphonuclear leukocytes (PMNs) were required for
positive controls or standards for certain stains and assays. These cells were
extracted from the buffy coat of 2 human volunteers by mixing 10 ml of whole
blood collected in sodium citrate coated Vacutainer (Becton Dickinson,
Rutherford, N.J.) tubes with 5 ml of 6% dextran (60-90 kD, Sigma, #D-4751)
and incubating for 45 minutes at 37°C (142). The buffy coat was aspirated into
10 ml of cold 0.155 M ammonium chloride solution for 5 minutes at RT to lyse

erythrocytes (142). Cells were then pelleted by centrifugation at 164 x g for 5
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minutes and the ammonium chloride treatment was repeated. PMNs were then
washed 3 times in D-PBS, and were saved for slide prepartion and analysis as
described below.

Two methods of preparing slides were used. The first method was used for
reproducibility in digital image analysis. The second method was used primarily
to maximize the number of samples per slide for cytochemical and
immunocytochemical staining.

The first method utilized standard precleaned glass microscope slides (Clay
Adams, Lincoln Park, N.J. 3050). Slides were coated with chitosan (Appendix
E) for at least 15 minutes and then air dried to produce a positively charged
surface and improve cellular adherence during staining procedures. A single cell
suspension of appropriate concentration was made in D-PBS so that the slide
would contain a spatial distribution of cells approximately 1 cell diameter apart
after cytocentrifugation. Two drops of single cell suspension were added to 3
drops of 11% bovine serum albumin (BSA; Sigma) in D-PBS in sample
chambers of a Shandon Cytospin II cytocentrifuge (Shandon Corp., Pittsburgh,
PA.). The cytocentrifuge was operated at 600 r.p.m. (58 x g) for 5 minutes with
high acceleration. Sample chambers were clipped onto slides with a paper card
to absorb moisture during centrifugation. After centrigugation, slides were air

dried under a laminar flow hood. Cell preparations were fixed as described
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below.

The second slide preparation method involved the use of cytology "buckets”
(American Scientific Corporation, McGaw Park, IL.), that were adapted for use
on standard centrifuges such as the DPR-6000. Routinely, 20 to 40 ul of single
cell suspension were placed in the wells of 10 or 12 well chitosan coated glass
"template" slides (#1006 or #1205N, Medical Packaging Corporation, Panorama
City, CA.). Cells were settled onto slides in a humid chamber for 30 minutes
and excess fluid was drawn off slides with tissue paper. Slides were placed
under custom-made foam rubber gaskets. The gaskets were overlaid with a
second slide to keep cells moist, covered with plexiglass blocks and tightened
down with a screw assembly. Cytology buckets were centrifuged on the DPR-
6000 at 90 x g for 5 minutes with slow manual acceleration. Slides were
removed, air dried and fixed for staining.

Slides were fixed by various protocols depending on the stain to be used.
Consult Appendix E for the formulations of all fixatives not defined here.
Physical conditions for fixation were as described below. Fixation in periodate-
lysine-2% paraformaldehyde (2% PLP) was performed at 4°C for 10 minutes in
the dark (143), followed by 3 washes in D-PBS for 1 minute each. Fixation in
absolute methanol was performed at RT for 1 minute, in acetone at -20°C for

10 minutes, and in 70% ethanol at RT for 30 minutes.
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Normally, fixed slides were stored at -20°C in plastic slide boxes in
freezer bags with a small amount of calcium sulfate desiccant. However, when
slides prepared for staining of the temperature-labile Ki-67 nuclear antigen (144-
150), such slides were stored at -80°C. Slides were thawed immediately upon
removal from the freezer with a warm hairdryer, except for slides devoted to Ki-

67 staining. These slides were thawed with a hairdryer without heating.

Staining Procedures

Wright-Giemsa Staining

Wright-Giemsa stains were used to ascertain differential counts of cell
types in the granulocytic series and percent mitotic figures in cell cycle
synchronization experiments. The method is routine, but was performed with
the following precision to allow slides to be used for image analysis if desired.
Slides were fixed in methanol and air dried. Slides were placed on a humid
staining rack, flooded with Wright-Giemsa stain (Appendix E; approximately 1.5
ml per slide) and covered for 10 minutes at RT. A phosphate buffer
(Appendix E; approximately 2 ml) was added directly to the flooded slides until
the mixture nearly overflowed. A green metallic color appeared upon mixing of
stain and buffer. Slides were covered on the staining rack for an additional 20
minutes. Slides were rinsed with distilled water and wiped free of excess stain.

Slides were air dried, dipped in xylene and coverslipped with Protexx balsam
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(American Scientific Products, Tempe, AZ.).
Feulgen Staining for DNA

Cells were stained stoichiometrically for quantitative DNA determinations
and digital image analysis of cellular chromatin distributions (151-154). Schiff
reagent was prepared as described in Appendix E and was stored in the dark in
air tight 100 ml bottles at 4°C. The Schiff reagent was warmed to RT and the
pH was adjusted to 1.50 with a small amount of 5 N HCl. Slides previously
fixed in 2% PLP were hydrolyzed for 20 minutes in 5§ N HCl. Slides were
placed in 1 N HCI for 1 minute and stained in Schiff reagent for 2 hours in the
dark at RT. Slides were destained by washing in 5% sulfurous acid 3 times for
2 minutes per wash. Slides were placed in deionized water (NANOpure II,
Sybron-Barnstead, Newton, Mass.) for 10 minutes, and then dehydrated by
~ successive 2 minute exposures to 30%, 50%, 70%, and 95% ethanol. Slides
were air dried, dipped in xylene and coverslipped with Protexx.

Nitro Blue Tetrazolium (NBT) Reduction Assay

for Superoxide Production

Approximately 2 x 10° HL-60 cells in a 1 ml volume of D-PBS containing 2
g/l D-glucose (D-PBS + G) were placed in 12 x 75 mm glass siliconized tubes.
One ml of 0.2% NBT (Sigma) in D-PBS + G was added along with 200

nanograms of 12-O-tetradecanoyl-13-phorbol acetate (TPA; Sigma Chemical Co.)
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to each tube. The TPA was added from a 10 M stock solution in 95% ethanol
that was stored in the dark at -20°C (55, 142, 155). Tubes were gently agitated
and incubated in a 37°C water bath for 20 minutes in the dark. At least 200
cells per sample were scored on a hemacytometer and results were expressed as
percent NBT positive cells (i.e., having intracellular blue-black formazan
deposits). Normal human PMNs were extracted from whole blood as previously
described and used as positive controls for NBT assays. Virtually, all human
PMNs were shown to reduce NBT under the conditions described (142, 155).
Myeloperoxidase (MPO) Staining

Slides were fixed in 2% PLP, air dried and rehydrated in high molarity
phosphate buffered saline (HM-PBS; Appendix E) for 5 minutes. Slides were
added to 50 ml of HM-PBS containing 150 mg of 3,3’-diaminobenzidine
tetrahydrochlor('\de (DAB, Sigma) and 0.5 ml of 30% hydrogen peroxide (156).
Slides were left at RT in the dark for 10 minutes followed by 3 washes of 5
minutes each in HM-PBS. The DAB reaction product was intensified by soaking
slides for 10 minutes in 0.5% copper sulfate in normal saline (8.5 g/l sodium
chloride in deionized water). Slides were again washed in HM-PBS, 3 times for
5 minutes each, and counterstained in 0.1% methylene blue in D-PBS for 1
minute. Finally, slides were given 3 washes in deionized water, air dried and

coverslipped with Protexx. A minimum of 500 cells per slide were scored for
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MPO positivity (marked by dark brown intracellular DAB deposits) and results

were expressed as percent MPO positive cells.

Bromodeoxyuridine-Anti-Bromodeoxyuridine Staining for Percent S Phase Cells
HL-60 cells in culture (2 x 10°/ml) were pulsed with 5 ul of a 0.2 M stock

solution of 5-bromo-2’-deoxyuridine (BrdUrd; Sigma) in D-PBS (to give a final
BrdUrd concentration of 10 uM) for 30 minutes at 37°C and 5% CO,. Cells
were washed twice on the Serofuge II in 4 ml of ice cold D-PBS and placed on |
slides by the Shandon or cytobucket techniques as previously described. Slides
were air dried, fixed in 70% ethanol. A small circle was drawn around the cell
preparation with a PAP (glue) pen (Research Products International, Mount
Prospect, IL.) in order to hold drops of fluid for staining. The actual staining
procedure is given in Appendix E. However, in general, cells were stained by
an indirect immunoperoxidase technique using a monoclonal anti-BrdUrd
antibody (Seral.abs, Accurate Chemical Co., N.Y.), followed by a biotinylated
secondary antibody, and an avidin-biotin-peroxidase complex (157-161). | A
minimum of 500 cells per slide were scored for percent BrdUrd incorporating

cells.

Ki-67 Staining for Proliferation-Associated Nuclear Antigen

Cytocentrifuged slides were fixed in acetone, air dried and stored at -80°C

until stained. Extremely cold storage helped to preserve the temperature-labile
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Ki-67 antigen. Immediately, upon removal from storage, slides were thawed by
use of a hairdryer without heating. The actual immunoperoxidase staining
procedure is given in Appendix E. However, in general, cells were stained with
the monoclonal antibody Ki-67 (Dakopatts, Carpinteria, CA.), by an indirect
technique using a biotinylated secondary antibody and avidin-biotin peroxidase
complex (144-150). A minimum of 500 cells per slide were scored for percent
Ki-67 positive cells.
OKM1 Immunofluorescent Staining for C3bi Receptors

Approximately 106 HL-60 cells per treatment group were removed from
culture and washed twice in cold D-PBS on the Serofuge II. The actual
immunofluorescence staining procedure is given in Appendix E. However, in
general, cells were stained with monoclonal antibody OKM1 (Dakopatts) by an
indirect immunofluorescence technique, using a fluorescein isothiocyanate
conjugated secondary antibody (57, 162). Counts of the percent fluorescent cells
were made on a Leitz (Rockleigh, N.J.) Dialux model fluorescence microscope.
The fluorescence microscope was equipped with a Ploempak 2.3 (Leitz) vertical
fluorescence illuminator, 150 Watt xenon arc lamp, 2 mm UG1 (red) filter, 4
mm BG38 (black) excitation filter, and a K-430 suppression filter. A minimum

of 200 cells per slide were scored for percent OKM1 positive cells.
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Immunoperoxidase Staining for C-Myc Oncoprotein

Slides were fixed in 2% PLP. The actual immunoperoxidase staining
procedure is given in Appendix E. However, in general, cells were stained with
supernatant medium acquired from Myc CT14-G4.3 (163) hybridoma (ATCC #
CRL 1727) cultures by an indirect technique using a peroxidase conjugated
secondary antibody (95, 97, 103, 108, 147). A minimum of 500 cells per slide
were scored for percent c-myc oncoprotein positive cells.

Double Thymidine Block Technique

The procedure used was a modified version of the cell cycle block
developed by Puck (76, 164-170). Exponentially growing HL-60 cells were
seeded at 2 x 10° per ml into 30 ml of complete RPMI-1640 in 75 cm? plastic
culture flasks (Nunclon, Denmark). A 200 mM stock solution of thymidine
(Sigma) in D-PBS was filter sterilized and diluted 1:100 in culture. Cultures
were gently swirled and left for 24 hours at 37°C and 5% CO, in a humid
incubator. Cells were released from the block for 6 hours by washing 5 times in
50 ml aliquots of prewarmed RPMI-1640 without FBS. Five washes were found
to be necessary to eliminate long term cytotoxic effects of excess thymidine and
to minimize the differentiation inducing effects of thymidine (171). After
release, cultures were blocked as before for 24 hours. Cultures were released by

washing 5 times in RPMI-1640 without FBS.
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~ Retinoic Acid-Induced Differentiation

HL-60 cells (passages 20-40) were induced by final concentrations of 1, 2, 3,
or 4 uM retinoic acid (RA) in various experiments. A 10¢ M stock solution of
all-trans-retinoic acid (Sigma, St. Louis, MO.) was made by serial dilution in
95% ethanol, filter sterilized, and stored in the dark at -20°C for periods up to 1
year. Frequently, RA-induced cells were cultured in 6 or 24 well plates (Becton
Dickinson, Lincoln Park, N.J.).

Flow Cytometric Sorting of G1 _Cells

One million exponentially proliferating HL-60 cells (3 days after split)
from passages 20 and 24 were washed twice in ice cold D-PBS on the Serofuge
II. Cells were fixed in 2 ml of 2% PLP for 30 minutes at 4°C in the dark and
washed twice in ice cold D-PBS as described above. Cells were stained in 50 ug
per ml of propidium iodide (PI; Sigma) in 0.1% sodium citrate buffer at pH 8.5
for 10 minutes at 4°C (78, 172-174). Cells were kept on ice in the dark
throughout staining and flow cytometric analysis.

Flow cytometric analysis was carried out on a FACStar PLUS (Becton
Dickinson, Braintree, MA.). PI stained cells were analyzed at an excitation
wavelength of 488 nm (200 mW output) with a 630 nm emission filter and 22

nm bandpass.
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PI stained cells were used to establish measurements of DNA
fluorescence and forward angle light scatter (FALS) consistent with a G; fraction
of the cell population. The FALS measurements were used to sort G; cells
from an unstained sample of the same cultures. The FALS window chosen
allowed approximately the smallest 10% of the population (putative G; cells) to
be sorted. Fifty million unstained asynchronous cells were sorted at a rate of
approximately 2.8 x 10¢ cells per minute. Total sort time was approximately 3
hours to obtain 5 x 109 G, cells. Cells were sorted into ice cold RPMI-1640
plus 15% FBS and pelleted on the Serofuge II. Cells were resuspended at 2 x

10° cells per ml for proliferation studies.

Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis
(SDS PAGE) of HL-60 Lysates

HL-60 cells from RA treated and untreated cultures were collected and
washed twice in cold D-PBS at 164 x g for 5 min. each. The cells were then
resuspended in 0.5 ml of cold 2X sample buffer (Appendix E). To lyse cells
and shear DNA, samples were passed forcefully 5 to 6 times through a sterile 20
gauge needle using a 3 ml syringe until the suspension was no longer viscous.'
This was followed by 5 to 6 forced passages through a 23 gauge needle and
finally 5 to 6 passages through a 26 guage needle. Samples were kept on ice

throughout the lysis procedure and frozen at -20°C.
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In preparation for SDS PAGE and silver staining, samples were thawed
at RT and heated to 100°C for 2 minutes. Fifty ul quantities of samples (1.2 x
10° cell equivalents) were applied to 10% SDS polyacrylamide gels (Appendix
E). Routinely, 40 ul of Bio-Rad (Richmond, CA.) low molecular weight markers
(phosphorylase B; 97.4 kD, bovine serum albumin; 66.2 kD, ovalbumin; 45 kD,
carbonic anhydrase; 31 kD, soybean trypsin inhibitor; 21.5 kD, and lysozyme;
14.4 kD) were added to each gel. Gels, 14.3 x 12.5 cm x 1.5 mm in dimension, .
were cast and run using the Hoefer (San Francisco, CA.) SE600 electrophoresis
apparatus. Samples were run at 150 W and 30 mA per gel for 4.5 hours at
14°C. At the end of electrophoresis, the gels were removed and stained by
Coomassie Blue and Gel-Code (Pierce Scientific Co., Rockford IL.) silver stains
(Appendix E).
Digital Image Analysis

Image capture, digitization, and some statistical analysis of Feulgen stained
cells was performed on the Cell Analysis Systems CAS-100 workstation (Becton
Dickinson, CA.). Cells were viewed on a Reichert (Cambridge Instruments,
Buffalo, N.Y.) Diastar light microscope. Images were routinely gathered under a
100 X oil immersion objective (numerical aperture = 1.25), giving a total
magnification of 1000 X. All Feulgen stained cell images were scanned with a

540 nm filter having a 10 nm bandpass. Minimal optical density thresholds were
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set by the investigator to distinguish cell nuclei from background for each cell
scanned. Cell images were randomly scanned without regard for morphology,
except for obviously damaged nuclei which were omitted by the investigator.

Cell images were routinely scanned with a grain size of 5 pixels (1.55 pm?). For
some proﬁferatidn studies, in which various classes of cells had similar textures,
grain size was reduced to 1 pixel (0.31 um?) to give greater sensitivity.

Typically, 100 cells per cell type or treatment group were scanned and the
image feature values were stored in CAS-100 data files. These files were readily
converted into data interchange format (DIF) for export and analysis on other

computer systems.

Statistical Analysis

Data gathered on the CAS-100 workstation were exported to another

IBM AT computer or an Everex 386/25 computer (Everex Corp., Fremont,
Calif.) for analysis by other statistical and graphics programs. CAS-100 data files
were converted from DIF into ASCII (American Standard Code for Information
Interchange) format by the program REORDER (175). These ASCII files were
imported into the Crunch statistical package (Crunch Software Corp., Oakland,
CA.). Randomized complete blocks Analysis of Variance (ANOVA) tests (173)
were made on values of image featufes using the Crunch ANOVA program. An

ANOVA was used for each image feature to determine the level at which
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significant differences occurred (e.g.- treatment, time, treatment-time interaction)
in a given experiment. Feature values of potential usefulness in discrimination
of time-dependent changes or treatment groups were evaluated by generation of
the Least Significant Difference (LSD) statistic. The LSD was calculated as
follows using the error mean square (EMS) from each ANOVA (176):

LSD =t, 2 [EMS/n,
where t is the critical student’s t value at @ = 0.05 with n-1 degrees of freedom
and n is the sample size. When mean feature values for cell image classes
differed by more than the LSD value, the feature was considered for use in
discrimination of these classes (e.g.- RA treated versus untreated cells).

A small number of features (usually 3 or 4) were used in discrimination
of cell classes. Values for these features from 2 image classes were loaded into
a CAS-100 data file and analyzed with the statistical analysis branch of the
CMP. Discriminant analysis was run for the 2 classes using the CAS-100 Fisher
linear discriminant program. Histograms of the multivariate discriminant analysis
were generated and plotted by CAS-100. Percent correct classifications were
done using the CAS-100 Bayesian classifier program or using the logistic
regression program (LOGISTIC) in Crunch.

Histograms of total optical density and shape factor of Feulgen stained

nuclei were generated by Crunch, and adapted for publication by the Correl
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Draw program (Correl Systems Corp., Ottawa, Ontario, Canada). Graphics of
biological data and their 95% confidence limits were created using Sigmaplot
(Jandel Scientific, Sausalito, CA.) and Slide Write Plus (Advanced Graphics
Software, Sunnyvale CA.) programs. The 95% confidence limits (CLs) of mean
values were calculated manually by the following formula (176):

95% CLs = mean + tjqs m
where t is the critical student’s t value at @ = 0.05 with n-1 degrees of freedom,

n is the sample size, and o is the measured standard deviation.
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RESULTS
Biological Features Related to Proliferation

The characteristics of proliferating HL-60 cells were evaluated to establish
the limits and variability of cell growth under the particular physical conditions
of these experiments. Figure 2A compares the proliferation of cells inoculated
at 2 x 10° and 4 x 10° cells per ml over 9 days. Similar proliferative patterns
were observed for both inoculum concentrations with peaks near 4 x 10° when
viability is still greater than 90%. Figure 2B illustrates the results of repeated
total cell coﬁnts which establish saturation density to be > 4 x 10° viable cells
per ml. Thus, in order to match the 5 to 7 day RA-induced granulocytic
differentiation period, reported by various investigators (27, 31, 32, 78-80), with
control populations that were still highly viable on day 7, an inoculum of 2 x 10°
cells per ml was chosen for all subsequent experinients.

Table 1 compares biological characteristics of HL-60 cells synchronized in
Gy (145, 179) by density arrest (DA), near the G,/S border by double thymidine
block (TB) and in G; by a flow cytometric sort (FCM). There were no marked
differences between the méthods with respect to viability, morphology (%
promyelocytes), superoxide production (% NBT +) and myeloperoxidase

expression (% MPO +).
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Figure 2. A. Comparison of viable cell numbers of HL-60 cells (passage 24) as a function of
initial inoculum concentration and time after inoculation. Data represent counts from 1
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experiment based on trypan blue dye exclusion. B. Total cell counts of HL-60 cells (passages -

20 - 40) over the 7 day culture period leading to density arrest. Data points represent the
means and 95% confidence limits of 7 experiments.
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However, differences in proliferation were observed between the methods. For
DA cells only 36% of cells were in the proliferative mode as assessed by staining
for the Ki-67 proliferation-associated nuclear antigen (144-150). This contrasted
sharply with > 98% Ki-67 positive TB cells and > 94% Ki-67 positive FCM
sorted cells. DA cells exhibited DNA synthesis in approximately 15% of the
population by bromodeoxyuridine (BrdUrd) incorporation compared to > 40%
BrdUrd positive. cells immediately following release from TB and < 1% BrdURd
positive cells after the FCM sort. -

Figure 3 compares the proliferative patterns of HL-60 cells following
release from each form of synchrony according to the general methods of Volpe
and Volpe (167). TB cells exhibited increasing DNA synthesis between 0 and 4
hours after release, reaching 82% BrdURd positive cells at 4 hours. This peak
was followed by a steady decline in DNA synthesis between the 4 and 10 hour
marks. Mitotic index began to increase 6 hours after release from block and
peaked at 10 hburs, followed by a precipitous decrease. ' The decline in mitotic
figures occurred simultaneously with a rapid doubling of cell numbers between 8
and 12 hours after release from TB. |

Levels of DNA synthesis oscillated in DA cells and reached a steady state
in FCM sorted cells following release. Mitotic index of DA and FCM sorted

cells remained low (usually < 2% and always < 5%) throughout the release
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period. The kinetics of DA and FCM synchronized cells agrees with that
observed by other investigators (173, 174, 177).

Collectively, these data suggest that TB induced the greatest degree of
synchrony among the 3 methods, because of the apparently synchronous
progression of TB cells into and out of S phase and mitosis. Data also suggest
that the population doubling time of HL-60 cells is probably > 24 hours (76,
169, 177), since cell numbers in the DA populations did not double within 24
hours. Finally, the data suggest that the cell cycle time of HL-60 cells was > 12
hours. Unfortunately, no precise quantititation of cell cycle duration was
possible because no clear secondary peak in BrdUrd incorporation (marking the
onset of the next S phase and the end of G;) was discernable.

Biological Features Related to

Retinoic Acid-Induced Differentiation
Figure 4A demonstrates suppression of proliferation in HL-60 cells
treated with retinoic acid (RA) at concentrations > 1 uM. Previously density
arrested (DA) HL-60 cells were diluted and treated with 1, 2, 3, or 4 uM RA or
left untreated. Cells exhibited an approximate 75% decrease in proliferation by
day 7 in the presence of 1 uM RA. Higher concentrations of RA produced

further suppression of cell division.
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Table 1. Comparison of biological features of HL-60 cells synchronized by 3 different methods.

DA 1B FCM
Feature Gy G,/S G;
Total Cells/ml 4.65x10° + 03x10°  2.2x10° + 0.1x10° 2.1x10° = 0.2x10°
% Viability 953 + 4.8 93.8 + 2.8 933 + 3.8
% Ki-67 + 363 = 10.3 98.1 = 0.3 945 + 1.0
% BrdUrd + 153 = 3.8 412 = 259 0.8 = 0.2
% Promyelocytes 95.5 + 1.3 97.6 + 0.4 91.9 % 3.2
% NBT + 1.7 = 1.9 90 = 2.6 ND
% MPO + 926 + 3.7 91.8 + 4.6 92.7 + 1.8

All data reflect the means of at least 3 separate measurements * standard deviation. Viability
was determined by trypan blue dye exclusion. Abbreviations used: DA = density arrested, TB
= double thymidine blocked, FCM = sorted by flow cytometry, Ki-67 = proliferation-associated
nuclear antigen, BrdUrd = bromodeoxyuridine, NBT = nitroblue tetrazolium, MPO =
myeloperoxidase, ND = not done. Cell cycle designations below the method abbreviations
indicate the putative cell cylce positions of cells synchronized by each method. The G;/S
designation below TB indicates synchrony at the G;/S border. Thus cells synchronized by TB

are Gy cells.
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Figure 3. Comparison of proliferation kinetics subsequent to release from density
arrest, double thymidine block and flow cytometric sort. Average values from 2
separate experiments are shown for cells sorted by flow cytometry. The top row
represents percentages of S00 cells per time point which incorporated bromodeoxy—
uridine (percent S phase). The middle row depicts percentages of 500 cells per time
point that were mitotic figures (mitotic index). The bottom row demonstrates
changes in total cell counts. i
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Figure 4B demonstrates the dose-dependent toxicity of RA on HL-60 cells
over 7 days. On the basis of Figure 4B, 1 uM RA was selected as the standard
concentration for use in all subsequent experiments.

Figures 5A through SF summarize a number of biological characteristics
of DA HL-60 cells differentiating under the influence of 1 uM RA. Figures 5A
and 5B illustrate a positive correlation between RA-induced suppression of cell
division (75% decline in total cell numbers by day 7) and DNA synthesis (about .
50% suppression of BrdUrd incorporation throughout the 7 days). Figure 5C
illustrates the shift of 1 uM RA-induced HL-60 cells toward more
morphologically mature granulocytes after 7 days. However, morphologic
differentiation is incomplete with < 20% of HL-60 cells reaching the segmented
neutrophil stage. Figures 5D, 5E, and SF collectively illustrate functional
maturation of RA-treated HL-60 cells. In Figure 5D RA-induced cells show a
> 60% increase in expression of receptors of inactivated C3b (C3bi) using the
monoclonal antibody OKM1 (% OKM1 +). Figure SE demonstrates an
approximate 80% increase in superoxide generating cells by nitroblue tetrazolium
reduction (% NBT +). In Figure SF RA-induced cells exhibit an approximate

60% decline in cells containing myeloperoxidase (% MPO +).
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Figure 4. A. Total cell counts of uninduced HL-60 cells and HL-60 cells induced by 1, 2, 3, and
4 uM all-trans retinoic acid (RA) over 7 days. B. Percent viability for the same cells depicted in
A. In A. and B. the means of 3 experiments and 95% confidence limits are shown.
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Comparison of the Effects of Cell Cycle Synchronization

Methods on Proliferation and Retinoic Acid-Induced

Differentiation

HL-60 cells were treated by 4 different cell cycle synchronization and
differentiation regimens. The 4 treatments were: 1) density arrest (DA)
followed by dilution to 2 x 10° cells per ml in fresh culture medium (control),
2) double thymidine block (TB) followed by release from block (control), 3)
density arrest followed by dilution and treatment with 1 uM RA (DA + RA),
and 4) double thymidine block followed by release and treatment with 1 uM RA
(TB + RA).

'Figures 6 compares the effects of RA induction on the proliferation of
DA and TB cells. RA-induced DA cells again exhibited a 75% decline in total
cell numbers compared to DA control cells, while RA-induced TB cells showed
virtually no proliferation over the culture period. Proliferation of TB control
cells was diminished by approximately 25% by day 7 when compared to
proliferation of DA control cells. Figure 6B illustrates declining viability of HL-
60 cells as a function of RA treatment and time in culture. However, all 4

treatment groups displayed > 80% viability throughout the study period.
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Figure 7 compares DNA synthesis (BrdUrd incorporation) of the 4
treatment groups. Throughout the experiment, DNA synthesis was diminished
by approximately > 50% in RA-treated groups which positively correlates with
the decreased total cell counts of RA-treated groups shown in Figure 6A.
Suppression of DNA synthesis appeared to begin 1 day after RA induction. It
appears that there was no marked difference in levels of BrdUrd incorporation
between RA-induced cells synchronized by DA or TB.

Figure 8 also demonstrates a positive correlation between decreased
expression of c-myc oncoprotein and RA-induced suppression of proliferation.
Expression of c-myc oncoprotein was abrogated in 75-90% of cells 1 day after
RA treatment and remained at low levels for RA-treated cells throughout the
study. Percentages of cell expressing c-myc onocprotein remained high in
control cells throughout the study. Again, it appears that there was no marked
difference between cells synchronized by DA or TB

Other biological parameters related to differentiation illustrate differences
between the treatment groups. Table 2 compares morphologic variability (by
differential counts done on Wright-Giemsa stained cells) between the 4
treatment groups over 7 days. RA-freated TB cells showed the strongest
evidence of morphologic differentiation (72.4% cells with segmented nuclei and

90.8% cells differentiated beyond the promyelocyte stage) after 7 days. RA-
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treated IsA cells appeared to produce lower levels of mature cells (18.0% cells
with segmented nuclei and 79.6% cells differentiated beyond the promyelocyte
stage) after 7 days. TB control-cells also contained a substantial fraction of
differentiating cells (7.6% cells with segmented nuclei and 47.8% cells
differentiated beyond the promylocyte stage) after 7 days in culture (171). DA
control cells remained a predominantly promyelocytic population with
consistently < 2% of cells differentiating past the promyelocyte stage.

Figure 9 comparés superoxide production (% NBT +) between the 4
treatment groups. RA-treated TB cells exhibited the most rapid induction of
superoxide production with a > 90% response by day 7. RA-treated DA cells
were slower to respond but converged Ol;l the 90% value by day 7. TB control
cells demonstrated NBT reduction in approximately 40% of the population by
day 7 (171), while DA control cells demonstrated approximately 10% NBT
positive cells throughout the study.

Figure 10 compares the expression of receptors for inaétivated C3b
(% OKM1 +) between the 4 treatment groups. There appeared to be a more
rapid response in RA-treated TB cells versus RA;treated DA cells which
reached leve.s of 90% and 60% expression respectively by day 7. A relatively
small percentage (24%) of TB control cells expressed C3bi receptors by day 7

(171), while DA control cells showed virtually no expression over 7 days.
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Figure 6. A. Comparison of total cell counts for density arrested (DA) and double thymidine
blocked (TB) HL-60 cells in the presence and absence of 1 uM retinoic acid (RA). B. Viability
determinations for cells depicted in A. Shown are the means and 95% confidence limits of 3

experiments.
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Figure 7. Comparison of bromodeoxyuridine (BrdUrd) incorporation for density arrested (DA)
and double thymidine blocked (TB) HL-60 cells in the presence and absence of 1M RA. Five

hundred cells were counted per data point and results were expressed as percent of cells
incorporating BrdUrd (% BrdUrd + cells). Shown are the results of 1 experiment.
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Table 2. Differential counts of density arrested (DA) and double thymidine blocked (TB) HL-
60 cells in the presence and absence of 1M retinoic acid.

DAY DA 1B

MB PM M MM B S MB PM M MM B S
0 3 481 7 8 2 0 2 479 8 7 4 0
1 8 480 7 4 1 0 1 460 13 11 14 1
2 14 467 12 7 0 0 0 402 19 20 45 14
3 5 482 8 4 1 0 1 387 42 22 47 17
5 9 470 23 1 1 0 1 349 86 37 49 24
7 7 485 5 3 0 0 2 259 102 48 51 38

DA + RA TB + RA

1 2 470 12 11 5 0 2 479 8 7 4 0
2 6 361 34 81 9 9 1 163 4 104 99 89
3 0 132 92 11 132 A4 0 63 38 72 187 140
5 3 124 92 130 105 59 0 . 43 40 70 133 214
7 0 105 134 115 69 93 0 46 42 14 36 362

Approximately 500 cells were counted and classified for each day and treatment. Abbreviations
used: DA = density arrested, RA = all-trans retinoic acid, MB = myeloblast, PM =
promyelocyte, M = myelocyte, MM = metamyelocyte, B = banded neutrophil, S = segmented
neutrophil.
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Figure 11 compares the presence of myeloperoxidase (% MPO +)
between the 4 treatment groups. Both RA-treated groups demonstrated a
steady decline in percent MPO positive cells, falling to 35-40% of control levels
by day 7. There was no marked difference in the fraction of MPO positive cells
between the 2 RA-treated groups.

Figures 12A and 12B compare the silver stained gel electrophoresis
patterns of HL-60 cell lysates (178) from the 4 treatment groups sampled at
days 0, 1, 2, 3, 5, and 7 after treatment. Changes in band intensity were most
frequent and prominent in lysates from RA-treated TB cells, while few changes
were apparent in RA-treated DA cells. Changes in the banding patterns of cell
lysates from RA-treated cells did not become apparent until days 5 and 7 after
induction. A few changes were seen in the gel patterns of DA and TB control
cell lysates from days 5 and 7 which may reflect biochemical changes occurring

in response to high cell density (i.e., resumption of density arrest).
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CT14-G4.3 (% C-Myc +) for density arrested (DA) and double thymidine blocked (TB) HL-60
cells in the presence and absence of 1 uM RA. Five hundred cells were assayed per data point.

Shown are the means and ranges of 2 experiments.
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Figure 9. Comparison of superoxide production (% NBT +) of density arrested (DA) and
double thymidine blocked (TB) HL-60 cells in the presence and absence of 1uM RA. Two
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3 experiments. :
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hundred cells were assayed per data point. Shown are the resuits of 1 experiment.
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Figure 11. Comparison of expression of receptors for inactivated C3b by OKM1 monoclonal
antibody (% OKM1 +) for density arrested (DA) and double thymidine blocked (TB) HL-60
cells in the presence and absence of 1({M RA. Two hundred cells were assayed per data point.
Shown are the results of 1 experiment.
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Figure 12A. Silver stained gel of density arrested HL-60 cell

lysates taken over 7 days in the presence and absence of retinoic
acid. Lane 1 = molecular weight markers. Lanes 2 through 7 = lysates
from HL-60 cells on days O, 1, 2, 3, 5, and 7 following release from
density arrest. Lanes 8 through 13 = lysates from HL-60 cells
synchronized by density arrest on days 0, 1, 2, 3, 5, and 7 after
treatment with 1 uM retinoic acid. Arrows indicate apparent changes
in banding patterns.
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HL-60 cell lysates taken over 7 days in the presence and absence
of retinoic acid. Lane 1 = molecular weight markers. Lanes 2
through 7 = lysates from HL-60 cells on days O, 1, 2, 3, 5, and 7
following release from double thymidine block. Lanes 8 through
13 = lysates from HL-60 cells synchronized by double thymidine
block on days 0, 1, 2, 3, 5, and 7 after treatment with 1 uM
retinoic acid. Arrows indicate apparent changes in banding
patterns.
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Image Features Related to Proliferation

Table 3 compares mean image feature values for Feulgen stained HL-60
cells sampled at 0, 4, 8 and 16 hours after release from DA and TB. One
hundred cell images were scanned for each time period from the DA al;d TB
groups. For cells released from TB, there is a dramatic rise in Feulgen total
qptical density (TOD; DNA content) and nuclear area at 4 and 8 hours after
release. This is followed by a sharp return to the putative G; (diploid) DNA
value at 16 hours. Feulgen TOD did not double at 8 hours (the expected G, or
tetraploid point). The mean value of nuclear area doubled at 8 hours ahd
returned to the initial value at 16 hours. Feulgen TOD and nuclear area
demonstrated a stronly positive correlation (r = 0.8401) following release from
TB. DA cells showed no such cyclic changes féllowing dilution in fresh medium.
Together these data suppoft observations made from Figure 3 of greater
synchrony among TB cells than DA cells. These data also suggest that the HL-
60 cell cycle time is at least 16 hours long, because cells returned to G; DNA
content values within 16 hours.

DA cells demonstrated a darker Feulgen staining pattern than TB cells as
evi'denced by the 0 hour values for average optical density. For both DA and
TB cells, the values of average optical density dropped sharply between 0 and 4

hours after release. DA cells continued to decline with respect to average
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optical density to the 8 hour point, but significantly recovered at 16 hours. TB
cells showed a significant increase in average optical density at 8 and 16 hours
over .the value at 4 hours, but did not reach the (0 hour) value.

Textural feature values such as those for TXB (contrast between optical
density values) increased while values for features such as TXC (correlation
among neighboring optical density values) decreased as a function of time after
release from TB. Other textural features such as OBTX (standard deviation of

_optical density values) and TXU (a measure of 2 dimensional symmetry)
demonstrated value decreases followed by increases after release from TB.

For cells released from DA, the value of OBTX appeared to decrease at
4 hours and remained depressed over the following 12 hours. The values of
other textural features (i.e., TXB, TXC, and TXU) showed no clearly
distinguishable trends after release from DA.

A randomized complete blocks analysis of variance (ANOVA) was
performed for each of the image features listed in Table 3. ANOVA results for
TOD and nuclear area are given in Tables 4A and 4B. ANOVA for all other
features in this experiment are presented in Appendices G and H. Tables 4A
and 4B demonstrzite that significant differences éxisted in DNA content and

nuclear area for DA and TB cells following release from synchrony.
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Table 3. Mean image features values for Feulgen stained HL-60 cells at 0, 4, 8, and 16 hours
- post-release from density arrest and double thymidine block.

Feature - Time-Post Release

0 hours 4 hours 8 hours 16 hours LSD

DENSITY ARRESTED

TOD - 573 529 552 664 64.1
Area 81.6 91.8 130.3 113.6 12.1
Avg. OD 0.221 0.182 0.134 0.194 0.009
OBTX x 102 59 3.4 38 37 0.25
TXB 1.353 1.334 1.732 1.589 0.134
TXC x102 359 335 183 267 63
TXU x10¢ 6.2 59 5.6 5.6 0.6

DOUBLE THYMIDINE BLOCKED

TOD
Area |

Avg. OD
OBTX x 10°
TXB

TXC x102

TXU x10°

573
113.1
0.162
7.7
1.476
277

53

701
194.6
0.115
74
1.830
134

42

898
229.0
0.126
44
1.902
147

4.2

523
136.1
0.122
6.2
1.800
151

54

38.6

10.3

0.006

0.5

0.124

33

3

One hundred Feulgen stained cells were scanned for each time period within a synchronization
method. Thus, in total 800 cells were scanned. Means are given with the standard deviation.
The least significant difference statistic (LSD) was calculated from the error mean square of
ANOVA (Table 4A, 4B, Appendix G and H) by the formula gwen in Materials and Methods.
TOD = Feulgen total optical density, Area = nuclear area in um?, Avg. OD = average optical
density per pixel, OBTX = standard deviation of optical density values, TXB = contrast
between neighboring optical density values, TXC = correlation of optical density values among
neighboring optical density values, and TXU = a measure of 2 dnmensxonal symmetry of optical

density values.
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Table 4A. Analysis of Variance (ANOVA) for total optical density and nuclear area of density
arrested (DA) cells at 0, 4, 8, and 16 hours after release (dilution) from synchrony.

I. Total Optical Density

Source of Variation df SS MSS F P
Between Subjects 399 13089878.0

Time after Release 3 1048867.12 349622.38 11498 < 0.01
Subjects X Groups 396 12041011 30406.59

H. Nuclear Area

Source of Variation df SS MSS F P
Between Subjects 399 569833.44

Time after Release 3 143530.578 47843.527 44443 < 001
Subjects X Groups 396 426302.88 1076.52

ANOVA for total optical density and nuclear area of 100 Feulgen stained cells per time period
(0, 4, 8, and 16 hours) after dilution are given. In total 400 cell images contributed to the
ANOVA. ANOVA for other features are given in Appendix G. Abbreviations used: df =
degrees of freedom, SS = sum of squares, MSS = mean sum of squares, F = calculated F ratio,
.and P = statistical P value for assesment of significance. P < 0.05 is considered significant.
The calculated F ratio may be compared to tabled values of the F ratio. For 3 degrees of
freedom in the numerator term (Time after Release) and 396 degrees of freedom in the
denominator term (EMS or Subjects X Groups), the tabled F ratio is approximately 2.37
(Reference 176). Calculated F ratios greater than 2.37 in this experiment suggest a significant
difference between mean values.
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Table 4B. Analysis of Variance (ANOVA) for total optical density and nuclear area of double
thymidine blocked (TB) cells at O, 4, 8, and 16 hours after release from synchrony.

1. Total Optical Density

Source of Variation df SS MSS F P
Between Subjects 399 15874601

Time after Release 3 8409013 2803004.2 148.681 < 0.01
Subjects X Groups 396 7465588 18852.49

II. Nuclear Area

Source of Variation df 'SS MSS F P
Between Subjects 399 1381072

Time after Release 3 845676 281892 208.498 < 0.01
Subjects X Groups 39 535396 1352.0101

ANOVA for total optical density and nuclear area of 100 Feulgen stained cells per time period
(0, 4, 8, and 16 hours) after release from block are given. In total, 400 cell images contributed
to the ANOVA. ANOVA for other image features are given in Appendix H. Abbreviations
used: df = degrees of freedom,-SS = sum of squares, MSS = mean sum of squares, F =
calculated F ratio, and P = statistical P value for assesment of significance. P < 0.05 is
considered significant. The calculated F ratio may be compared to tabled values of the F ratio.
_ For 3 degrees of freedom in the numerator term (Time after Release) and 396 degrees of
freedom in the denominator term (EMS or Subjects X Groups), the tabled F ratio is
approximately 2.37 (Reference 176). Calculated F ratios greater than 2.37 in this experiment
suggest a significant difference between mean values. ‘
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Figure 13 demonstrates the computer-assisted ability to discriminate cell
cycle-related events solely on the basis of differences in chromatin distribution
patterns. The figure illustrates the results of multivariate Fisher linear
discriminant analysis of Feulgen stained cells. In this figure, TXB (contrast
between optical desnity values), TXU (a measure of 2 dimensional symmetry of
optical density values), and OBTX (standard deviation of optical density values)
were used to distinguish 100 TB nuclei from samples taken at 4 and 8 hours
after release. The samples taken at these times were thought to represent
primarily G, S, and G, phases of the cell cycle respectively, because of the
highly synchronous kinetics observed for. TB cells by biological assays (Figure 3)
and image analysis (Table 3). Figure 13 illustrates that G, and S phase cells
can be clearly distinguished from G; cells in a linear discriminant analysis by
these 3 textural feétures. However, no discrimination between S and G, phase
cells could be made based on the 3 textural features chosen or any other
textural features analyzed.

Image Features Related to Retinoic Acid-Induced

Differentiation
Selection of image features for the study of granulocytic differentiation
was made following a preliminary image study of 25 Feulgen stained HL-60 stem

cells, RA-induced HL-60 cells with segmented nuclei and normal human PMNs.
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Figure 13. Fisher linear discriminant histograms showing the utility of textural features in
discrimination of HL-60 cells from 0 (Gy), 4 (S), and 8 (G,) hours post-release from double
thymidine block. One hundred cells from each group are represented. The textural features
TXB (contrast between optical density values), TXU (a measure of 2 dimensional symmetry of
optical density values), and OBTX (standard deviation of optical density values) were used in
the discriminant analyses.
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Table 5 summarizes the mean image feature values + standard deviations of 4
global and 9 textural features showing potential discriminatory power for the 3
cell types studied. Generally, the data reflect a reduction in nuclear area and
DNA content with increasing chromatin condensation (average optical density)
and increasing nuclear convolution (shape factor) as promyelocytes mature into
PMNs. Changes in various textural feature values, which may reflect
granulocytic differentiation, were observed. Based on this preliminary study,
these 12 features were employed in subsequent data acquisition tasks.

Table 6 compares mean values of several image features from the 4
treatment groups over 7 days. Generally, data reflect decreasing Feulgen TOD
and nuclear area in both RA-treated groups. Average optical density showed
some oscillation as a function of both proliferation and differentiation iri DA and
increases in shape factor (nuclear convolution) and the textural feature TXU (a
measure of 2 dimensional symmetry among optical density values) are noted in
both RA-treated groups. Differences in TOD and nuclear area were observed
for both control groups (i.e., without RA) between days 0 and 7. These changes
may be related to entry into the exponential phase of growth and resumption of
density arrest.

Tables 7A and 7B provide data on analysis of variance for Feulgen TOD
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(DNA content), nuclear area, and shape factor (nulcear convolution) for DA
and TB synchronized cells in the presence and absence of RA. Cells were
sampled on days 1, 2, 3, 5 and 7, thus producing 2 treatments (with and without
RA) and 5 time periods for ANOVA of cells synchronized by DA or TB. The
experiment involving DA cells was analyzed separately from that involving TB
cells. The tables reveal highly significant differences in virtually all of the image
feature values at the levels of treatment, time post-induction, and the treatment- '
time interaction. The remaining ANOVA tables for all other image features
analyzed in these experiments are contained in Appendix I and J.

Table 8 summarizes fluctuations in the statistical significance of
differences between differentiating and control cells for all image features
analayzed. Appearance of ‘a feature name in the table indicates a significant
difference between RA-treated and untreated cells on that day. Statistical
significance was assessed by examination of the LSD value for a given feature.
A blank indicates lack of a significant difference between RA-treated and
untreated cells for that feature on a given day. From the table it is clear that
some features were significantly different on all days studied, while other
features oscillated in and out of importance for discrimination of differentiating
cells. Some differences in the patterns of statistical significance of features exist

between differentiating DA and TB cells.
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Table 5. Mean image feature values for 25 Feulgen stained HL-60 promyelocytes, RA-induced
segmented HL-60 cells, and normal human neutrophils.

Feature

Exponential HL-60 Segmented Normal Human

Promyelocytes HL~60 Cells Neutrophils
TOD 722.5 + 426.4 533.5 x 145.0 4260 x 35.8
Area 109.2 + 56.4 69.9 + 24.5 43+ 84
Avg. OD 0.204 = 0.068 0.244 = 0.070 0.299 * 0.048
Shape Factor 158 * 2.5 28.5 + 23.7 363 * 203
OBTX x 102 6.38 = 0.27 743  0.42 179 + 1.4
TXA x 102 20.6 * 3.5 19.8 x 43 189 % 2.9
TXB 742 = 2.12 8.03 = 2.82 8.78 + 2.66
TXC 19036 = 18999 23789 + 31099 45779 = 39472
TXM x 102 20.1 = 13.4 184 = 13.6 20.5 + 9.89
TXN x 102 884 + 142 71.5 + 14.0 749 = 9.1
TXO x 10° 529 x 22,0 49.4 = 204 448 + 183
TXU x 102 129 * 8.9 163 *+ 9.7 289 = 134
TXV x102 185 = 4.7 170 = 4.3 14.8 + 4.9

Mean image feature values are glven + standard deviation. TOD = Feulgen total optical
density, Area = nuclear area in um?, Avg. OD = average optical desnity per pixel, OBTX =

the standard deviation of optical densnty values, TXA =

the sum of squares of the optical

density probability transitions, TXB = contrast between optical density values, TXC =
correlation among neighboring optical density values, TXM = a measure of entropy or
randomness of optical density values, TXN =

density values, TXO =

the maximal correlation coefficient of optical
the coefficient of variation of optical density values, TXU = a measure

of 2 dimensional symmetry of optical density values, and TXV = a measure of image

granularity.
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Table 6. Mean image feature values for density arrested (DA) and double thymidine blocked
(TB) HL-60 cells in the presence and absence of 1 uM retinoic acid (RA) over 7 days.

-RA +RA
DAY DAY
FEATURE 0 1 2 3 S 7 1 2 3 5 ° 7 LSD
DENSITY ARRESTED

TOD 573 709 817 890 816 659 678 619 585 580 547 55
Area 816 1201 1090 1430 1233 1044 1078 107.7 95.7 91.9 1.1 74
Avg. OD .49 234 237 .196 208 200 .198 182 .194 201 246 008
Shape 160 173 16.6 16.8 16.0 16.1 16.0 183 203 20.0 276 20

TXUx102 123 104 13.1 10.6 10.7 12.9 123 12.0 119 125 157 09

DOUBLE THYMIDINE BLOCKED

TOD 573 941 880 889 731 581 645 637 645 580 519 48
Area 1131 1385 1297 128 1106 910 1085 1019 923 85.0 734 7.0
Avg. OD .164 213 215 228 209 203 .189 200 223 217 226 .008
Shape 174 180 173 163 16.0 18.7 183 24.8 244 4.5 350 3.1

TXUx102 86 105 10.3 10.6 11.7 143 120 134 129 13.6 156 1.0

Shown are the mean image feature values for 100 Feulgen stained cells per day within each
treatment group. In total, 2,200 cells were scanned. The least significant difference (LSD)
statistic was calculated from the error means square of each ANOVA by the formula given in
Materials and Methods. TOD = Feulgen total optical density, Area = nuclear area in umz,
Shape = shape factor; a measure of nuclear convolution, and TXU = a measure of 2
dimensional symmetry of optical density values.
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Table 7A. Analysis of Variance (ANOVA) for density arrested (DA) cells with and without

retinoic acid (RA) over a 7 day period.

I. Total Optical Density

Source of Variation df SS MSS F P
Between Subjects 999 54264972

Treatment 1 11488063 11488063 298.527 < 0.01
Day Post-Induction 4 3702788 925697 24.055 < 0.01
Treatment X Day 4 976467 244116.906 6.344 < 0.01
Subjects X Groups 990 38097656 38482.48

II. Nuclear Area

Source of Variation daf SS MSS F P
Between Subjects. 999 1022078.31

Treatment 1 157672.219 157672.219 228.31 - < 001
Day Post-Induction 4 114483.625 28620.9062 41.443 < 0.01
Treatment X Day 4 66216.242 16554.0605 23.97 < 0.01
Subjects X Groups 990 683706.25 690.6124

III. Shape Factor

Source of Variation df SS MSS F P
Between Subjects 999  59840.7070

Treatment 1 3974.6262 3974.6262 80.843 < 0.01
Day Post-Induction 4 2973.4565 743.3641 15.12 < 0.01
Treatment X Day 4 4219.7896 1054.9474 21.458 < 001
Subjects X Groups 990 48672.836 49,1645

ANOVAs for total optical density, nuclear area, and shape factor of 100 Feulgen stained cells
per treatment and day are given. ANOVAs of other image features are given in Appendix L
Two treatments, with and without RA, and samples from days 1, 2, 3, 5, and 7 post-induction

were used in the analysis. Abbreviations used: df = degrees of freedom, SS = sum of squares,
MSS = mean sum of squares, F = calculated F ratio, and P = statistical P value for assesment
of significance. The calculated F ratio may be compared to tabled values of the F ratio at « =
0.05 or 0.01. For 4 degrees of freedom in the numerator term (Days Post-Induction or
Treatment X Day) and 990 degrees of freedom in the denominator term (EMS or Subjects X
Groups), the tabled Fj g5 ratio is approximately 2.37 (Reference 176). For 1 degree of freedom
in the numerator term (Treatment) and 990 degrees of freedom in the denominator, the tabled
Fpgs is approximately 3.84. Calculated F ratios greater than these values for each level in this
experiment suggest a significant difference between mean values.




85

Table 7B. Analysis of Variance (ANOVA) for double thymldme blocked (TB) cells with and
without retinoic acid (RA) over a 7 day period.

I. Total Optical Density

Source of Variation df SS MSS F P
Between Subjects 999 48814452

Treatment 1 9893372 9893372 337.723 < 0.01
Day Post-Induction 4 8199249 2049812.25 69.973 < 0.01
Treatment X Day 4 1720393.75 430098.44 14.682 < 0.01
Subjects X Groups 990 29001438 29294.3809

II. Nuclear Area

Source of Variation- df SS MSS F P
Between Subjects 999 998745

Treatment 1 172889.25 172889.25 279.073 < 0.01
Day Post-Induction 4 207097.062 51774.266 83.573 < 0.01
Treatment X Day 4 5441.9497 1360.4874 2.196 0.0671
Subjects X Groups 990 613316.75 619.5118

III. Shape Factor

Source of Variation df SS MSS F P
Between Subjects 999 149432.25

Treatment 1 16490.4727 16490.4727 138.374 < 0.01
Day Post-Induction 4 . 8545.6084 2136.4021 17.927 < 0.01
Treatment X Day 4 6414.5078 1603.627 13.456 < 0.01
Subjects X Groups 990 117981.656 - 119.1734

ANOVASs for total optical density, nuclear area, and shape factor of 100 Feulgen stained cells
per treatment and day is given. ANOVAs of other image features are given in Appendix J.
Two treatments, with and without RA, and samples from days 1, 2, 3, 5, and 7 post-induction

were used in the analysis. Abbreviations ‘used: df = degrees of freedom, SS = sum of squares,
MSS = mean sum of squares, F = calculated F ratio, and P = statistical P value for assesment
of significance. The calculated F ratio may be compared to tabled values of the F ratio at « =
0.05 or 0.01. For 4 degrees of freedom in the numerator term (Days Post-Induction or
Treatment X Day) and 990 degrees of freedom in the denominator term (EMS or Subjects X
Groups), the tabled F s ratio is approximately 2.37 (Reference 176). For 1 degree of freedom
in the numerator term (Treatment) and 990 degrees of freedom in the denominator, the tabled
Fpgs is approximately 3.84. Calculated F ratios greater than these values for each level in this
experiment suggest a significant difference between mean values.
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Figures 14 and 15 summarize changes in the DNA profiles (histograms of
the DNA content) of randomly chosen HL-60 cells from the 4 treatment groups
sampled over 7 days. It appears from these figures that RA-treated cells
exhibited a progressive shift toward lower Feulgen TOD values (DNA content)
over time when compared with DA and TB control cells. The suppression of
DNA synthesis in RA-treated groups appears to begin on day 1 after induction.
This observation is supported by the mean Feulgen TOD values of RA-treated
cells which show a significant or nearly significant difference (in the case of DA
cells) from controls on day 1 (Table 6). Thus, it appears that RA induction
leads to an increasing frequency of cells with a DNA content equivalent to a G,
cell as more cells enter into terminal differentiation. Figures 14 and 15 also
demonstrate the movement of DA and TB control cells into an exponential
phase on days 1 through 3 ‘after release. This is followed by a return to a
predominately G; population by day 7.

Figure 16 depicts shifts toward higher values of the shape factor for DA
and TB cells after 7 days in the presence of RA. Since shape factor is a
measure of convolution of the nuclear perimeter, this feature reflects
morphologic differentiation observed by differential counts (Table 2). TB cells
exhibited the largest variation in shape factor values after 7 days in the presence

of RA, which may reflect the greater levels of morphologic differentiation
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achieved by this treatment (Table 2).

Figure 17 illustrates the morphologic appearance of Wright-Giemsa and
Feulgen stained HL-60 promyelocytes and HL-60 cells differentiated in the
presence of RA for 5 days when morphologic differences. are clear. Table 9
presents the results of computer-assisted classification of 2,000 Feulgen stained
HL-60 cells into RA-treated and untreated groups as a function of time after
addition of RA. The analysis was performed on images of DA and TB cells in
the presence and absence of RA sampled at days 1, 2, 3, 5 and 7. One
hundred cell images from control and RA-treated samples were scanned for
each time point and constituted the "known" groups for testing of computer
discriminatory ability. The features Feulgen TOD, nuclear area, nuclear shape
factor (degree of convolution) and TXU (a measure of 2 dimensional symmetry
among optical density valuqs) were used by the CAS-100 Bayesian classifier
program to classify cell images. These results were verified by logistic regression
analysis. Values in the table represent actual numbers of cells correctly
classified as RA-treated or untreated out of 100 known images for each class.
Overall percent correct classification is also given for each day and treatment. It
appears from Tabie 9 that the ability to distinguish differentiating cells from
stem cells by combination of these 4 features increased from approximately 80%

to approximately 90% correct classifiaction over 7 days. It also appears that




there was no marked difference in the ability to distinguish RA-treated from

untreated cells in cultures synchronized by DA versus TB.




PERCENT

DNA PROFILES

DA DA + RA

100

50 - Day 0 Day 0 = DA Day 0
0 I l—r—m

50 - Day 1 Day 1
0 I !—_! i 1 | TM—A@ T e

50 4 Day 2 | Day 2
o 1 T |

50 - Day 3 o Day 3
0 e —11 Eﬁg B [ —

50 4 Day § Day §
ol [ —

50 Day 7 Day 7
M

400 500 600 700 800 900 1000 1100 1200 1300 400 500 600 700 800 900 1000 1100 1200 1300

TOTAL OPTICAL DENSITY (540 nm)

Figure 14. DNA profiles of Feulgen stained density arrested (DA) HL-60 cells with and
without 1 pM RA over 7 days. One hundred cells contributed to each histogram. A total

of 1,100 cells are represented.

89



DNA PROFILES

100 - TB . TB + RA
Day 0 Day 0 = TB Day 0
o '
0‘ xr
50 - Day 1 _ Day 1
0 I_I—'-|= . | 1 | —
= Day 2 _ Day 2
z 50
&, i — |
% 50 Day 3 | Day 3
B 0 I_]—-" 4 ] ——— — -,
504 Day § | r—@q Day §
0 —=— 2]
50 Day 7 | : Day 7
0 ? ] ) T L ] @

1 1
400 500 60D 700 800 S00 1000 1100 1200 1300 400

- T ¥ L) L ) 1
600 700 800 900 1000 1100 1200 1300

TOTAL OPTICAL DENSITY (540 nm)

Figure 15. DNA profiles of Feulgen stained double thymidine blocked (TB) HL-60 cells with
and without 1 pM RA over 7 days. One hundred cells contributed to each histogram. A total

of 1,100 cells are represented.
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Figure 16. Histograms of nuclear shape factor values for density arrested (DA) and double
thymidine blocked (TB) HL-60 cells from days 0 and 7 after addition of 1 UM RA. Greater
values of the shape factor indicate geater degrees of convolution of the nuclear periphery.
Each histogram represents measurements of 100 Feulgen stained cells.
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Table 8. Time-dependent changes in image feature significance for density arrested and double
thymidine blocked cells as a function of RA-induced differentiation.

DENSITY ARRESTED DOUBLE THYMIDINE BLOCKED
DAYS DAYS
1 2 3 5 1 1 2 3 5 1
TOD TOD TOD TOD TOD TOD TOD TOD TOD
Area Area Area Area Area Area Area Area Area
OBAD OBAD OBAD OBAD OBAD OBAD OBAD
Shape Shape Shape Shape Shape Shape Shape
TXA TXA TXA TXA TXA TXA
TXB TXB TXB TXB TXB TXB TXB
TXC
™XM TXM XM TXM TXM
TXN TXN TXN TXN TXN
TXO TXO TXO TXO TXO TXO
TXU TXU TXU TXU TXU TXU TXU TXU TXU
XV TXV TXV XV XV
OBTX OBTX OBTX OBTX
Total¥ 4 6 10 10 7 5 12 7 8 11

Appearance of a feature in the table on a given day indicates a significant difference between
the feature value for 100 retinoic acid-treated and 100 untreated Feulgen stained cells.
Significance was determined by the least significant difference statistic (LSD) as previously
described. Blanks mean that the feature values were not significantly different on that day.
TOD = Feulgen total optical density, Area = nuclear area in um?, OBAD = average optical
density; TOD/Area, Shape = shape factor; a measure of nuclear convolution, TXA = the sum
of squares of optical density transition probabilites, TXB = image contrast, TXC = correlation
among neighboring optical density values, TXM = a measure of the randomness of optical
density values transitions, TXN = correlation coefficient of optical density transition
probabilities, TXO = coefficient of variation of optical density transitions, TXU = a measure of
2 dimensional symmetry of optical density values, and TXV = a measure of image granularity.

§ = Total number of features showing statistically significant difference between RA-treated and
untreated groups on a given day. Feature names in bold typeface indicate that the value of that
feature was significantly different for RA-treated and untreated cells on each day analyzed.
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Table 9. Computer classification (percent correct) of HL-60 cells classified as RA-treated
(+ RA) or untreated (- RA) over a 7 day period following release from density arrest (DA) or
double thymidine block (TB).

COMPUTER CLASSIFICATION

DA 1B
True
Day Class -RA +RA %Correct RA +RA %Correct
1 -RA 76 66
77.5% 80.0%
+RA 79 94
2 -RA 88 76
81.5% 80.0%
+RA 75 84
3 -RA 80 85
82.5% 85.5%
+RA 85 86
5 -RA 89 85
86.0% 85.5%
+RA 83 : 86
7 -RA 93 93
92.5% 89.0%
+RA 92 85

Classification of cells was performed by Bayesian classification and corroborated by logistic
regression using the image feature values of OBSD (total optical density), OBSZ (nuclear area),
OBSH (nuclear shape factor), and TXU (a measure of 2 dimensional symmetry of grain optical
density values). One hundred Feulgen stained cells were scanned for each day and treatment.
Data reflect the actual numbers of cells correctly classified as RA-treated or untreated. Overall
percent correct classification is also given in each instance. Percent misclassified = 100 - %
correctly classified.
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DISCUSSION

Granulocytic differentiation of HL-60 cells occurs following RA treatment.
The differentiation process can be demonstrated by established biological assays.
These assays show changes in differential counts (27, 33), changes in protein and
nucleic acid gel electrophoresis patterns (178), increased NBT reduction (41, 42,
335), increased numbers of complement (162) or Fc receptor (57) bearing cells,
and changes in oncogene expression (85, 86, 91).

Most reports of HL-60 differentiation involve the use of cell cycle
asynchronous (log phase) cells to which a chemical inducing agent is added.
However, experimental evidence supports cell cycle synchronization as a means
of maximizing differentiation induction (72-74, 83). Results of this dissertation
concur with previous reports of HL-60 granulocytic differentiation and extend
them by analysis of differentiating density arrested (DA) and double thymidine
blocked (TB) cells. Results also concur with reports (72-74) of the
differentiation promoting effects of thymidine block prior to differentiation
induction.

The use of density arrest as a means of synchronization in conjunction
with RA was less effective in promoting differentiation than was double

thymidine block. This may be due to the decreased proliferative activity of
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density arrested cells (as evidenced by a 60% lower Ki-67 expression relative to
TB and FCM synchronized cells), since cells may need to be actively cycling in
order to differentiate (5, 7, 29, 78, 81).

A major goal of this work was to assess the value of digital image
processing in detecting and quantitating HI.-60 proliferation and granulocytic
differentiation. Results indicate success as evidenced by statistically significant
differences in mean image feature values as a function of proliferation and
differentiation.

With regard to proliferation, digital image processing detected increased
synchrony of cells in G, by DA and in G; by TB. Cells synchronized by either
method had relatively low mean Feulgen TOD (DNA content) values of 573
which is probably consistent with diploid (Gy;) cells. Further indications of
increased synchrony were the relatively small variations in DNA content evident
in the DNA profiles (day 0) of DA and TB cells. The standard deviations of
Feulgen TOD were 167 and 111 for DA and TB cells respectively just prior to
release from synchrony. By day 3 after release cells had become highly
asynchronous with mean Feulgen TOD and standard deviation values of 890 =
251 and 889 = 261 for DA and TB cells respectively.

When cells were sampled over 16 hours following release from DA and

TB, digital image analysis demonstrated statistically significant changes in
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Feulgen total optical density (TOD), nuclear area and certain textural features.
Feulgen TOD and nuclear area demonstrated a highly positive correlation (r =
0.8401) over the first 16 hours of release from TB which stands in agreement
with previous reports (117, 126, 128, 131, 201). This correlation presumably
reflects expansion of the nuclear volume by nascent DNA. Although the value
of nuclear area doubled at 8 hours after release from TB (the putative G,
point), mean Feulgen TOD did not double which may be attributable to an
error in mfcrodensitometry introduced by stray (diffracted) light (200).

Differences in nuclear textural feature values between cells, thought to be
in the Gy, S and G, phases of the cell cycle following release from TB, also
made possible discrimination of these phases by Fisher linear discriminant
analysis. This is of interest since the discrimination was made solely on the basis
of chromatin distribution pattern differences between the cell cycle phases and
not on Feulgen TOD (DNA conient). Such cell cycle-dependent differences in
chromatin texture have been documented previously (126, 131, 201). In this
work, the features OBTX (standard deviation of image optical density values),
TXB (contrast), TXC (correlation among neighboring optical density values) and
TXU (2 dimensional symmetry) proved to be discriminatory for the cell cycle
phases examined. It is known that euchromatin stains lighter than

heterochromatin by the Feulgen technique (202-204). Thus, changes in the
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values of these features may reflect changes in the ratio of condensed to
noncondensed chromatin or heterochromatin (double-stranded DNA) to
euchfomatin (single-stranded DNA) as cells transit from G; to G,. In light of
this information, changes in the variation (standard deviation) of optical density
values as well as the contrast, correlation of neighboring optical density values
and symmetry of nuclei progressing through the cell cycle are reasonable
observations. Data gathered during this study support nuclear textural
differences between G cells and other phases of the cycle. Surprisingly, S and
G, cells were not clearly distinguishable based upon any nuclear textural
features.

Although no significant difference was noted in the DNA content of DA
cells until 16 hours after release, other changes such as increased nuclear area
and decreased average optical density are suggestive of a G, to G; transition.
Such image feature changes have been attributed by other authors (129, 131,
132) to the transformation of quiescent diploid cells iﬁto metbolically active
diploid cells. This is because no change in Feulgen TOD is observed, but nuclei
grow in size and stain lighter. Additionally, changes in nuclear texture values of
OBTX (standard deviation), TXB (contrast), TXC (local optical density
correlation), and TXU (symmetry of optical density values) for DA cells, first

observed at 4 to 8 hours after resuspension in fresh medium, might be related to
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the transition from Gy to G; (131).

With regard to granulocytic differentiation, digital image analysis was
successful in detection and quantitation of markedly reduced DNA synthesis
(Feulgen TOD values) as early as one day after RA induction of cells. .
Decreased DNA synthesis is a common observation for cells entering into a
differentiation pathway (29, 67, 71-75, 82, 84, 88-90, 134, 149). Moreover, digital
image processing detected statistically significant decreases in nuclear area,
increases in shape factor (convolution of the nuclear perimeter), and changes in
textural feature values as a function of time after addition of RA. Only one
textural feature (TXU; 2 dimensional symmetry) was significantly different
between RA-induced TB cells and TB control cells on each of the days after
RA addition. No global or textural features were consistently different between
RA-induced and uninduced.cells on each day for the DA group.

The appearance and disappearance of statistical significance for textural
features as a function of time after RA addition may reflect statistical sampling
error or the complex morphologic changes of granulocytic differentiation.
Granulocytic differentiation of promyelocytes is ‘a continuous process but marked
by certain morphologically discrete cell types (i.e., myelocytes, metamyelocytes,
banded and segmented cells). Despite efforts to promote synchronous

progression of cells through granulocytic differentiation via cell cycle
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synchronization, it is apparent, based on differential counts, that the
differentiation process is asynchronous. Thus, at any given moment cells may be
transforming from promyelocytes to myelocytes or from banded to segmented
forms within the same culture. In effect, the morphologic heterogenefty of cells
in a differentiating cell population could lead to flutuations in the significance of
image feature values as a function of time.

Numerous correlations were observed between digital image feature
values and changes in biological descriptors during differentiation. For example,
4 to 5 image features were significantly different for RA-treated cells versus
matched control cells one day after RA addition. The significant differences
detected on day 1 by image analysis co.rrespoﬁd to statistically significant
differences in superoxide production (NBT reduction) of RA-treated cells versus
control cells on day 1 Likewise, the day 1 image differences coincide with
differences in C3bi receptor expression that appear to begin emerging on day 1
after RA treatment. Additionally, decreased Feulgen TOD (DNA content)
corresponds to decreased bromodeoxyuridine incorporation (DNA synthesis) and
sharply reduced expression of c-myc oncoprotein (a putative proliferation and
differentiation marker) on day 1 after RA treatment. Interestingl&, no marked
changes in differential counts or myeloperoxidase production were noted on day

1 after RA induction. Together these observations suggest that digital image
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analysis detected the onset of differentiation concurrently with physiologic
descriptors related to gene expression (NBT reduction, OKM1 and anti-c-myc
staining) and DNA synthesis (BrdUrd incorporation). Moreover, digital image
analysis seemed to detect the inital signs of differentiation before the
differentiation process became visibly apparent by differential counts.
Differential counts first show discernable differences between RA-induced and
control cells on day 2.

The combination of 4 features used to distinguish RA-treated from
untreated cells by Bayesian classification was highly successful (about 80%
correct) even on day 1 after RA induction, regardless of synchronization by DA
or TB. The 4 features chosen for discrimination describe obvious changes
related to the differentiation process (DNA content, nuclear area, nuclear
convolution and symmetry). The ability to distinguish RA-treated from
untreated cells increased from 77.5 to 92.5% correct among DA cells and from
80% to 89% among TB cells over 7 days. The increased percent correct
classification reflects the morphologic divergence of differentiating cells from
stem cell controls. There was no marked difference in the ability to distinguish |
differentiating cells from DA and TB populations with both attaining high
degrees of correct classification (about 90%) by day 7.

Biological descriptors, such as differential counts, NBT reduction and
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OKM1 staining suggested more rapid and increased differentiation of the RA-
treated TB cells versus the RA-treated DA cells. However, the computer-
assisted classification of differentiating and control cell images showed no
difference in levels of differentiation attributable to TB or DA pretrcatment.
Reasons for this are related to the dichotomous nature of the computer
classification scheme (i.e., cell images are classified as RA-treated or untreated
over time). Thus, regardless of the level of granulocytic differentiation (i.e.,
ranging from myelocyte to segmented neutrophil) attained by a cell, the cell
image was classified as "RA-treated". Consideration of the differential counts
shows that despite the disparity in numbers of segmented cells between RA-
treated TB cells and RA-treated DA cells, the overall levels of cells
differentiated beyond the promyelocyte stage were more similar (within 20%) for
each day studied. In addition, RA-treated HL-60 cells with the morphologic
appearance of promyelocytes to the unaided eye could have RA-induced
chromatin alterations which distinguish them by computer analysis. The result is
that a dichotomous classification scheme cannot illustrate the promotion of
differentiation by TB over DA.

The dichotémous classification also appeared limited to.a 90% correct
classification. Reasons for this may be related to the presence of 10 to 20%

promyelocytes (by differential counts) in RA-treated cell populations after 7
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days. Additionally, the discrimination of RA-treated from untreated (control)
cells is hampered by the tendency of untreated cells to resume a density arrested
position or differentiate due to prior exposure to excess thymidine (171). Both
of these influences may be responsible for the convergence of TOD values
('fable 6) between RA-treated and control cells by day 7, thus limiting
computer-assisted discrimination of RA-treated cells. Values for TXU
(symmetry) and shape factor continue to increase as a function of differentiation
and contribute to increasing percent correct classification over time. However,
because of the above mentioned influences, 100% correct classification of
differentiatingA cells may be unattainable when comparisons are made to time-
matched control cells.

As discussed in the introduction, digital image analysis has proven useful
in the past for the detection and quantitation of cellular proliferation and
differentiation. Cells transiting through the cell cycle have been identified and
quantitated by digital image analysis (118, 128-133). Similarly, mitogen-induced
'lymphocytes (133), virus infected splenocytes (124, 125) and a variety of other
differentiating cell types (134, 136-141) have been detected and quantitated by
digital image analysis. In each of these studies, image features have been
extracted which correspond to changes in biological descriptors of the

proliferation and differentiation processes.
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Results of some biological studies of HL-60 granulocytic differentiation
suggest that differentiation may be mediated through changes in the
chromatin conformation within minutes to hours of chemical induction (87).
Such studies have noted an increase in DNA strand breaks (180, 181) and
alterations in the transcription of various nuclear proteins (182-188), such as
histones (182, 183), topoisomerase II (188), and nuclear bncoproteins (85-87,
196-198). These nuclear alterations may be reflected in subtle chromatin
conformational changes which may account for differences in textural feature
values observed 1 day after induction.

The results presented in this dissertation concur with those of other
investigators studying granulocytic differentiation by digital image analysis (136-
141). In particular, these results agree with those of Dufer et al. (139, 140),
who reported differences iq image feature values reflecting DNA content,
nuclear area, nuclear shape, nuclear texture, cytoplasmic basophilia and
cytoplasmic texture between HL-60 stem cells and HL-60 cells treated with RA
or DMSO. This group reported an increasing ability to distinguish differentiating
cells from stem cells over 4 days using the SAMBA 200 image processor.
Moreover, Dufer et al. (139) found significant image féature value differences
between RA-induced and DMSO-induced cells. They postulated that these

differences represented different molecular mechanisms of differentiation at work
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in the nuclei of RA- versus DMSO-treated cells.

Dufer et al. studied differentiating exponential phase (asynchronous) HL-
60 cells. In accordance with results presented in this dissertation, Dufer et al.
reported significant differences in image feature values between control and
differentiating cells beginning on day 1 after induction. They compared NBT
reduction and the emergence of CD13 and CD14 antigens on differentiating
cells, but only reported values for day 4 after differentiation induction. This
dissertétiori possesses 2 key differences from the work of Dufer et al. which are:
(1) analysis of differentiating HL-60 cells following cell cycle synchronization and
(2) correlation of biological descriptor values with image feature values from day
1 after RA induction to support the validity of diverging image feature values
first observed on day 1.

In conclusion, results presented in this dissertation argue for the
usefulness of digital image processing‘in the detection, quantitation and statistical
analysis of cellular changes related to proliferation and granulocytic
differentiation. Changes in image feature values were correlated with results
obtained from biological assays for proliferation and differentiation. Although
TB cells exhibited signs of greater synchrony than DA cells, significant image
feature value differences were evident between RA-treated and untreated cells

synchronized by both methods that led to equal discrimination of differentiation.




Appendix A: Myeloid Leukemia Cell Lines

Stage of Differentiation
Cell Line Species Differentiation Potential
PL-21 Human Promyelocyte Granulocyte
HL-60 Human Promyélocyte Granulocyte/ -
’ Macrophage
M1 Murine Promyelocyte Granulocyte/
Macrophage
R453 Murine Promyelocyte Granulocyte/
Macrophage
WEHI-3B Murine Myelomonoblast Granulocyte/
Macrophage
WRT-7 Rat Myelomonoblast Granulocyte/
Macrophage
KG-1 Human Myeloblast Macrophage
ML-1 Human Myelomonoblast Macrophage/
and occasional
ML-3 Granulocyte
RC-2A Human Myelomonoblast Macrophage
THP-1 Human Monoblast Macrophage
U937 Human Monoblast Macrophage
HEL Human Early Blast Erythroblast
K562 Human Early Blast Erythrocyte
Erythroblast
REC-1 Rat Erythroblast Erythrocyte
RED-2 Rat Erythroblast Erythrocyte

References: 16-19.




Appendix B: Markers of HL-60 Differentiation
1. Major Erzymes and Functional Markers
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HL-60 Induced Induced
Marker Promyelocyte  Granulocyte ~ Macrophage  References
Acid Phosphatase + I 1 19, 31, 48, 68
Alkaline Phosphatase - 19, 31 |
Alpha-Naphthyl
Acetate Esterase - + 19, 31, 48, 68
ASD Chloroacetate
Esterase + + D 19
Beta-glucoronidase - + o+ 19
Elastase + 19
Lactoferrin - - - 19, 40
Lysozyme + I I 19, 31, 68
Myelopercxidase + D D 19, 21, 31, 51, 52, 54
Nonspecific Esterase - - + 19, 31, 48, 68
Adherence - - .+ 19, 36, 44, 45, 61, 68
Bacterial Killing - + + 19, 40, 68
Chemotaxis - + - 19, 31, 56, 61, 68
Phagocytosis - + 19, 31, 34, 35, 40, 46
+4 I U 19, 35, 40, 41, 55, 61

Respiratory Burst

2 Up to 10% of HL-60 Promyelocytes produce a respiratory burst as measured by the NBT

reduction assay. Abbreviations: + = present, - = not present or very rare, I = increased, D =
decreased, U = essentially unchanged.




Appendix B Continued:
2, Antigenic Markers of Differentiation
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. HIL-60 Induced Induced
Antigen Antibody Promyelocyte  Granulocyte ~ Macrophage  References
Beta 2
Microgloblin  BBS, EC3 + D 19, 187
CD4 + 192
Complement
(C3) Receptor Pro-Iml,
(CD11b/CD18) OKM1, Mo-1 - + + 21, 23, 35, 39
Fc Receptor (CD16) - + + 35, 43, 46, 57
GM-CSF Receptor + I I 12, 68
Granulocyte
Antigen GT-1 + 190
HLA-AB,C  W6/32 + D 19, 190
HLA-DR - - + 19, 190
Insulin Receptor + - I 19, 68
Leukocyte 2D1 + I 190
Myeloid L13-1 - + - 38, 39
Early Myeloid Antigen
(p20) S5-7 + D D 39
Myeloid Nuclear Differentiation
Antigen (MNDA) + + + 199
Myelomono-

" cytic Antigen  S5-25 + I I 39
Respiratory Burst
Assoc. Antigen Ki-M7 + | 192
Transferrin .
Receptor + - - 68, 70, 193
Proliferation Assoc. Y201 + - - 194



Appendix C: Inducers of HL-60 Differentiation
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Inducing Agent Cell Type Concentration References
Actinomycin D G 10°M 17, 68, 171
3-Deazauridine G 2 x 10°M 171
Dimethylformamide

(DMFA) G 33,48, 1711
Dimethylsulfoxide '
(DMSO) G 1.25-1.3% 19, 33, 42, 46
L-Ethionine G 68
Hexamethylenebis-

acetamide (HMBA) G 33, 46, 171
Hypoxanthine G 103-102M 68, 171
Methotrexate G 10°M 17, 171
Piperidone G 2 x 102M 171
Pyrazofurin G 5x10’M 171
Retinoids (RA,

Vitamin A, etc.) G 01 M4 M 19, 47, 59-62
Thymidine G 1M 171
Tiazofurin G- 1M 83
Tunicamycin G 68
Arabinosylcytocine

(Ara-C) M 4x10% to 2uM 68, 184
Butyrate M 46, 68

1,25 Dihydroxy-

calciferol

(Vitamin D3) M 19, 68, 192, 194
Interferon-gamma

(INF7) M 19, 68
12-O-Tetradecanoyl-

13-phorbol acetate :

(TPA) M 1.6 x 1M 19, 36, 44, 68
Teleocidins M 5 x 108M 68

Tumor Necrosis

Factor (TNF) M 68
Bromodeoxyuridine G/M 1-10 g/mi 90, 171, 189
Colony Stimulating

Factors (G-CSF, M-CSF and GM-CSF) G/EM 1-1000 units/ml 12, 68
T-Lymphocyte

Conditioned Medium G/M 37, 45, 63, 68

Notes: G = Granulocyte (Neutrophilic), E =. Eosinophilic, B = Basophilic, and M =
Monocytoid or Macrophage-like differentiation.
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Inducing Agent Cell Type Concentration References
Acidic Serum-Free

Medium B pH 6.6 to 7.0 66
Alkaline Medium

(+ Butyric Acid) E pH 7.6 68

Butyric Acid E 104-103M 46, 68
Alkaline Serum-Free

Medium E pH 76 10 7.8 65

Notes: G = Granulocyte (Neutrophilic), E = Eosinophilic, B = Basophilic, and M =

Monocytoid or Macrophage-like differentiation.

Appendix D: Expression of Oncogenes in HL-60 Cells

Oncogene Uninduced Induced Induced
HL-60 Granulocyte Macrophage

c-myc +++ - N

c-myb ++ - .

c-fes + - -

c-fos - - +44a

c-fms - - +

c-abl + + +

c-Ha-ras + ++b +

N-ras + + +

C-SIC + ++ 4

c-fgr + ++ ?

@ C-fos expression is transiently increased for 4 hours following induction toward macrophages.

b C-Ha-ras has been shown to increase transcription in the presence of DMSO.

References: 17, 68, 70, 84-92, 95, 171, 196-198.
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Appendix E: Supplement to Materials and Methods
Cell Preparation

Dulbecco’s Phosphate Buffered Saline (D-PBS)

KH,PO, ' 02¢g

« Kl : 02¢g
Na,HPO, 0115 g
or Na,HPO, . 7TH,O 0216 g
NaCl 80¢g
Deionized water gs to 1,000 ml

Reference: 142.

10X Stock Ammonium Chloride Solution (for Lysis of Erythrocytes)

NH,Cl 829 g
KHCO3 1.09 g
Na, EDTA 37.0 mg
Deionized water gs to 1,000 mi

Store 10X stock solution at 4°C. To make 1X working solution, dilute stock
1:10 in cold D-PBS. The pH should be 7.3 to 7.4, if not adjust pH with a few
drops of concentrated HCl or NaOH.

Reference: 142.
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PROCEDURE FOR THE PREPARATION OF

HIGH MOLARITY PHOSPHATE BUFFERED SALINE

LABORATORY: MICROBIOLOGY/IMMUNOLOGY (OLSON)
DATE: September, 1989/ UPDATE January, 1990

PURPOSE: Formula for a high salt concentration for use in immunocytochemical
and immunofluorescence staining of cells and tissues. This salt formula results in
improved binding of ligands and better definition of AG-AB-Chromophore
complex. The final molarity of salts are: 0.12M NaCl, 0.01M NaH,P0,-H,0,
0.04M K,HPO,, and 0.49 microM thimerosal. pH is 7.3- 7.4.

A. MATERIALS:

1.

Phosphate Buffered Saline-High Molarity (HM-PBS) pH = 73 -
74. a. Formula for making 25x solution

Item 1 Liter 8Liter
NaCl (0.12 M) 180.0 g 1,440g
NaH,PO.H,0 (001 M) 330¢g 264g
K;HPO, (0.04 M) 188.0 g 1,505g
Thimerosal (0.49 M) 05¢g 4g
dd H,0O gs to 1,000 mi 8,000ml

b. Formula for making a working 1x solution. Mix 40mi of stock
HM-PBS (25x) with 960 ml NANOpure distilled water in a
volumetric flask. Mix well.

B. PROCEDURE FOR MAKING THE 8 LITERS OF 25X SALT SOLUTION:

1.

Add 2 liters of Nanopure deionized water to a 6 liter boiling flask
and gently heat the water (not boiling). Add the NaCl with rapid
stirring over gentle heat. Add 2 more liters of purified distilled
water (not all will dissolve at this point).

Add 2 liters of NANOpure filtered water to another 6 liter boiling
flask and heat the water (not boiling). Add the NaH,PO, H,0
and completely dissolve the salt with stirring. Add the K,HPO,
about 300 g at a time, along with part of the next 2 liters of
NANOpure water. Stir rapidly with gentle heat. Use the
remaining water to rinse out all weighing containers etc.

Add about 3 liters of #2 solution to #1 solution, stirring over
gentle heat to get the remaining NaCl to go into solution.
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Stir both flasks overnight.

The next morning add the thimerosal and mix until dissolved.

Add both flasks to the storage carboy and mix by hand periodically
throughout the day. Allow to equilibrate overnight.

7. Do not use before the third day. Check the pH of a working
solution. Should be 7.30 to 7.45.

A

Slide Preparation

PROCEDURE FOR COATING MICROSCOPE SLIDES TO PERMIT
IMPROVED ATTACHMENT OF CELLS

LABORATORY: MICROBIOLOGY/IMMUNOLOGY (OLSON)
DATE: January, 1989.

PURPOSE: Method for coating microscope slides with Chitin so negatively
charged cells will attach securely to the glass surface.

A. MATERIAL:

1. 0.5 g Chitosan (Sigma Chemical) in 25 ml water.

B. METHOD: ‘ _
1. Sonicate until the material is like .a thick syrup.
2. Convert the particulate to an acetate salt by adding 50ml of glacial
acetic acid to the water-chitosan mixture. Material will dissolve overnight.
Stir and wait until all particulate material has dissolved. Save as stock
material.
3. Dilute 0.5ml of stock material to 30ml with mPBS to make a working
solution. Keep solution at 4°C for prolonged time period.
4. Submerge microscope slides in working solution of chitosan for 1 hr,
then let slides dry and use. '




114
Fixatives

PROCEDURE FOR THE PREPARATION OF
PERIODATE-LYSINE-PARAFORMALDEHYDE FIXATIVE

LABORATORY: MICROBIOLOGY/IMMUNOLOGY (OLSON)
DATE: January, 1990

PURPOSE: Presents formulation for a fixative which can be used on cells and
tissues to be used in immunocytochemical and immunofluorescence staining.
Important note is that the fixative must be fresh, i.e., not over a few days aged.

A. MATERIALS:

1. Lysine phosphate buffer 0.15M, to be prepared as follows:

a. Make a 0.2 M Lysine-HCI by dissolving 36.54 g lysine-HCl (MW. 182.7)
gs to 1000 ml distilled water, pH 5.6.

b. Make a 0.1 M Na,HPO, solution by dissolving 14.19 or 14.2 g dibasic
sodium phosphate (MW. 141.9) gs to 1000 ml distilled water, pH 7.4.

c. To prepare buffer mix equal volumes of A and B and check pH to
assure a pH of 7.4.

2. Paraformaldehyde-glucose solution to be prepared as follows:

a. Dissolve 80 g of paraformaldehye in 700 ml distilled water.

b. Add 54 g D-glucose to the 700 ml water

c. Heat the above solution to approximately 60°C with continuous mixing.
Use a few drops of 40% NAOH to assist in dissolving the material.

d. Dilute the 700 ml to a final volume. of 1000 ml.

3. Sodium-m-periodate. Use as a solid and add to the solution in proper
amounts. ‘
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B. PROCEDURE FOR PREPARATION OF 2% PLP FIXATIVE. 2% PLP

fixative must be stored it the dark and must not be used after in begins to turn

yellow in color. Therefore make only a quantity that will be used in 2-3 days.
Mix the stated amounts of materials to make various quantities of fixative.

Quantity of Fixative

Material to make: 100 ml 200 mi 400 ml
PF-glucose solution 25 ml 50 mi 100 ml
Lysine-phosphate bufffer 75 ml 150 ml 300 ml
Sodium m-periodate 107 g 214 g 428 g

C. PROCEDURE FOR FIXATION OF CELLS AND TISSUE IMPRINTS.
1. Fix slides in 2% PLP fixative at 4°C for 10 min.
2. Rinse slides quickly in 3 changes of mPBS and air dry.
3. Store slides dry at -20°C.
Reference: 143.
Cytochemical Stains
PROCEDURE FOR WRIGHT-GIEMSA STAIN

LABORATORY: MICROBIOLOGY/IMMUNOLOGY (OLSON)
DATE: FEBRUARY, 1990

PURPOSE: Procedure for staining various types of cells with a metachromatic
stain to allow the differentiation of cytoplasmic and nuclear structures. '

A. MATERIALS:
1. Wright’s stain
Wright’s stain powder® 9¢g
Giemsa stain powder™* 1g
Glycerin, U.S.P. | 90 ml

Methanol™** 2,910 ml
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"Wright’s blood stain crystalline compound, certified, Hartman-Leddon
Co., Philadelphia, Pa. '

**Giemsa stain (original azure blend type), certified, Hartman-Leddon Co.,
Philadelphia, Pa.

***Methyl alcohol, andhydrous (absolute) CH,OH (methanol-acetone
free), AR, Mallinckrodt Chemical Works, St. Louis, Mo.

a. Mix reagents in a large brown bottle and tightly stopper.

b. Shake bottle of stain for at least 5 minutes daily for a week and then
set aside to age for at least a month before use.

c. Small volumes of the stain are filtered into dropper bottles as needed.
Whatman No 2 filter paper is used.

d. It is imperative that the alcohol used be of the brand specified, as this
is the most critical of the reagents. The specified brand has consistently
given excellent results.

2. Stock phosphate buffer

a. 0.067M Sodium phosphate dibasic (NA,HPO,, anhydrous, 9.47 Gm/l)
b. 0.067M Potassium phosphate, monobasic (KH,PO, 9.08 Gm/l)

3. Working buffer, pH 6.4

0.067M Na,HPO, 26.5 ml
0.67M KH,PO, 735 ml
- 100.0 ml vol

The stock solutions are made separately, stored in large,'brown, stoppered
bottles, and mixed to.the desired pH, 6.4, as needed.

B. PROCEDURE:

1. The air-dried single cell preparations are fixed for 1 minute in a Coplin
jar containing absolute methanol. Imprints of tissue should be thoroughly
air dried and fixed for one minute. The jar is covered when not in use
and the methanol is changed several times during the day as the alcohol
takes on water. Absolute alcohol can be used for a long time if
anhydrous CuSOy is added. Anhydrous CuSQy is whiteé and takes up
water from the alcohol, turning pale blue as it becomes hydrated. A
quick dip is all that is required for fixation of peripheral smears, as
Wright-Giemsa stain acts as an additional fixative. The fixed smears are
allowed to air dry.
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2. The slides are placed on a horizontal plane (a rack is used for slides,
rubber corks for coverslips), cell side up, and flooded with Wright-
Giemsa stain. Leave on for about 10-13 minute. Cover staining tray to
prevent evaporation of the fluids.

3. The slides are once again flooded with an equal volume of buffer
solution. Blow gently on the fluid to mix. Let the slides stand for 23 to
30 minutes. The optimum time is determined by trial and error.. Cover
staining tray to prevent evaporation of the fluids.

4. Keep slide horizontal and rinse gently and thoroughly for 5-10 seconds
with a stream of running tap or distilled water.

5. Wipe the back of the slides with a wet gauze and stand them on end
to dry.

PROCEDURE FOR STAINING CELLS WITH PARAROSANILINE
BY THE FEULGEN PROCEDURE

LABORATORY: MICROBIOLOGY/IMMUNOLOGY (OLSON)
DATE: January, 1989

PURPOSE: Procedure for staining cells and tissues by the Feulgen procedure.
Cells are hydrolzed in 5N HCI for a predetermined time and then stained in
Schiff reagent for 2 hours at RT. Hydrolysis time must be determined for each
cell type. Cells must be hydrolzed to prepare the deoxyribose sugar moiety for
the Schiff base. Stained cells are scanned at 540 nm.

A. MATERIALS:
1. Phosphate Buffered Saline (PBS), pH 7.3.
NaH2P04 . HzO ) 0.256 g
Na,HP04 1.194 g
NaCl 8.766 g
Nanopure water 1000 ml

2. Periodate-lysine-paraformaldehyde fixative.
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3. Hydrochloric Acid Solutions prepared from HCI with a specific gravity
of 1.18.

Conc. HCl (ml) NANOpure water (ml)
1IN HCl1 89 911
5N HCl 445 555

4, Schiff Reagent

a. Add 5g of Basic Fuchsin (Pararosaniline Hydrochloride C.I. #42500,
Sigma) to 1000ml of boiling NANOpure water.

b. Shake the solution for 5 minutes.

c. Cool to 50°C and filter with a Whatman #1 filter into a brown stock
bottle.

d. Add 100ml of IN HCI. ,

e. Add 20g potassium metabisulfite (K,S,05) or sodium metabisulfite and
allow to decolorize for 24 hours in a tightly stoppered brown bottle in the
dark.

f. Add 2.5g charcoal. :

g. Shake mixture for 1 minute and filter rapidly with a Whatman #1 filter
paper under vacuum pressure.

h. Pour into brown clean bottles, fill to the rim and store at 4°C.

i. When bottles are empty fill them with NANOpure water and save them
for making and storage of Schiff reagent.

5. 5% Sulfurous Acid to be prepared just prior to use.

Potassium metabisulfite 1gm
1IN HCl 10 mi
NANOpure water 190 ml

6. Ethanol series is prepare with 95% Ethanol and Nanopure deionized
water.

70% 50% 30%
95% ROH 73ml 52ml 32ml
Deionized  23ml 48ml 68ml

Water
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B. PROCEDURE:

1a. If the slides contain fresh unfixed cells, fix the slides in 1% PLP for
15 mins at 4 C.

- OR
1b. If the slides have been stored at -20°C, warm them gently with a
stream of warm air (hair dryer) to prevent moisture from forming on the
surface.
2. Rinse the slide for 20 seconds in PBS.
3. Hydrolyze the cells in SN HCI for 20 mins at RT. Hydrolysis time must
be determined for each type of tissue. 20 mins is standard for mouse
lymphoid tissues.
4, Rinse the slides in IN HCI for 1 min.
5. Stain the cells in Schiff reagent at pH 1.5, for 2 hours at RT.
6. Bleach the cell preparations in 3 consecutive baths of 5% sulfurous
acid for a total of 6 mins (2 mins each bath). Make reagent immediately
before use. '
7. Wash the slides in NANOpure water for 10 mins.

8a. Dehydrate slides in a series of ethanol baths for 2 mins each, (Series

to include 30, 50, 70 and 95% ethanol) then let slides air dry.
OR
8b. Let slides air dry. Do not change procedure within an experiment or
between experiments which are to be compared with one another.
9. When slides are dry, dip them in xylene and mount in Permount.
10. Store slides at 4°C until ready for scanning.

References: 151-154.
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Immunocytochemical Staining Protocols

PROCEDURE FOR STAINING BRDURD LABELLED DNA WITH
ANTI-BRDURD AND THE ABC METHODOLOGY FOR
DIGITAL IMAGE PROCESSING

LABORATORY: MICROBIOLOGY/IMMUNOLOGY (OLSON)
DATE: January, 1990

PURPOSE: Procedure for staining BrdUrd-labelled DNA by
immunocytochemical methods which will allow the digital image processing of
the stained cells or tissues. Images of stained cells can be acquired at a
wavelength of 540 nm.

A. MATERIALS:
1. Phosphate Buffered SALINE-HIGH MOLARITY pH 7.3-74

Prepare a working 1x solution of HM-PBS by mixing 40 ml of the
25x stock solution with 960 ml of NANOpure filtered water in a
1000 ml volumetric flask.

2. 0.1M Sodium borate, Na,B,O, in HM-PBS pH to 8.5, made fresh

daily.
Sodium borate  3.814gm
HM-PBS : 100 ml
3. TWEEN 20

4. Primary Antibody:
Rat anti-mouse Bromodeoxyuridine, (Sera Lab product code MAS
250b-supernatant). Immunoglobulin class: Rat IgG,, clone ICR1
" Current dilution is 1:32 in 2% BSA/HM-PBS

5. Secondary antibody:
Biotinylated Rabbit a-rat IgG(H & L), mouse adsorbed.
Obtained from Vector, (Catalogue no. BA-4001)
Current dilution is 1:100 in 2% BSA/HM-PBS
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6. Blocking sera:
2% normal rabbit or normal goat sera which has been heated at
56°C for 30 mins. prior to use.

7. Avidin-Biotin Complex:
ABC kit, standard. Obtained from Vector (PK4000). Follow
manufacturers recommendations, dilute with HM-PBS only, do not
freeze.

8. 3,3-Diaminobenzidene tetrahydrochloride:
Obtained from Sigma (D-5637), 97% pure. Dissolve 150 mg DAB
in 50 ml HM-PBS. Add 0.5 ml 30% hydrogen peroxide just before
use.

9. Copper Sulfate solution: 0.5% in normal saline:

NaCl 8.5 gm
CuSOy 5.0 gm
dH,0 gs to 1000 ml

10. Methylene Blue Solution: 1% in distilled water to use as a
counterstain, if needed.

Methylene blue 5.0 gm

dH,0 gs to 500 ml

11. Phenylhydrazine Solution:
Dissolve 0.1 gm phenylhydrazine HCI (Sigma Chemical Co. P7126)
in 100 ml! of working HM-PBS

Make just before use, keep in dark and discard after one use.

12. Diluent for diluting antibodies:

Tween 20, 0.5% 0.5 ml
BSA 2% 2.0 ml
HM-PBS 97.5 ml

B. TYPES OF CELLULAR MATERIAL TO BE STAINED:

1. Cellular materials to be stained may include single cell suspensions,
cryostat tissue sections and paraffin embedded sections.
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2. Cryostat tissue sections are usually fixed in acetone at 4°C for 10
minutes, air dried and stored at -20°C until needed.

3. Single cell preparations may be fixed in 70% EtOH at RT for 30
minutes, air dried and stored at -20°C or fixed in 2% PLP for 15 mins at
RT.

C. PROCEDURE FOR STAINING BRDURD-DNA:

la. If the slides are freshly made dip them into cold acetone (4°C) for 5
sec and air dry or fix in the appropriate fixative.

OR
1b. If the slides have been stored at -20°C, warm them gently with a
stream of warm air (hair dryer) to prevent any moisture from forming on
the surface of the slide.
2. Immerse the slides in a jar of HM-PBS for 5 mins.
3. Hydrolyze the previously fixed slides in 5§ N HCI for 60 min. at 37°C.
4. Dip slides for 2 min. in 0.1 M Na,B,O, pH 8.5
5. Rinse for 20 seconds in HM-PBS, then soak in 2 changes of HM-PBS
for 5 min. each..
6. Overlay slides with blocking sera which has been heat-inactivated for 30
min. at 56°C. (2% normal rabbit serum) Incubate for 20 min. in a humid
chamber.
DO NOT ALLOW SLIDES TO DRY OUT.
7. Apply 40 pl Rat anti-(Mouse) BrdUrd (Sera Lab product code MAS
250b-supernatant) in HM-PBS containing 0.5% TWEEN 20 and 2% BSA.
Incubate 60 min. at 37°C in a humid chamber.
8. Rinse gently for 5 seconds with HM-PBS in a wash bottle.
9. Apply Rabbit anti-rat IgG-biotin, mouse adsorbed, diluted in HM-PBS
containing 0.5% TWEEN 20 and 2% BSA. Incubate 60 min. at 37°C.
10. Apply ABC for 60 min. at 37°C in a humid chamber. ABC is
prepared according to manufacturer’s directions and left to stand at
RT for 30 min. before use. The standard procedure is to dilute 1
drop of each reagent into Smi HM-PBS.
11. Rinse slides 20 seconds with a HM-PBS in a wash bottle and let soak
in a jar of HM-PBS while preparing the DAB solution.
12. Immerse slides in DAB solution for 6 min.
13. Rinse, by dipping in 3 jars of HM-PBS, then rinse, by dipping in 2
changes of distilled water. '
14. Immerse slides in 0.85% NaCl containing 0.5% copper sulfate for 6
min.
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15. Rinse by dipping in 2 changes of distilled water, air dry.
16. Dip into xylene and coverslip with PROTEXX.

References: 157-161.

IMMUNOPEROXIDASE PROCEDURE TO STAIN FOR THE
PROLIFERATION-ASSOCIATED NUCLEAR ANTIGEN Ki-67

LABORATORY: MICROBIOLOGY/IMMUNOLOGY (OLSON)
DATE: JANUARY 1990

PURPOSE: To stain for the proliferation-associated nuclear antigen (protein)
Ki-67 by means of immunoperoxidase technique. The Ki-67 antigen is probably
a nuclear signal that retrieves cells from the quiescent GO compartment and
sends cells into G1. All "cycling" cells in a population will show positive nuclear
staining (without cytoplasmic staining), thus G1, S, and G2/M phase cells are
positive while GO cells are negative. Ki-67 seems to have been highly conserved
throughout evolution, therefore cells from many different mammalian sources are
likely to express the antigen. Exceptions include swine, cat, chicken and pigeon.
Murine proliferating cells have a weakly positive reaction with Ki-67 antibody.

A. MATERIALS:

1. Antibodies:
a. Ki-67 (murine IgG;-kappa monoclonal, Dakopatts, Lot no. 118)
b. goat-anti-mouse IgG-biotin; Fab,” (TAGO, Lot no. 400303)
See additional reagents under BrdUgd-anti-BrdUrd Procedure.
B. PROCEDURE:

1. Cells from a known proliferative source (i.e.- proliferating human
leukemia or other cancer cells, thymocytes, bone marrow cells, etc.) serve
as a positive control. Negative controls may include cells from a known
negative species of animal or quiescent cells (i.e.-serum starved cells or
cells from non-proliferative tissues).

2. Make either Shandon cytospun preps or Chitosan coated, settled and
centrifuged preps according to the protocols found elsewhere in this book.
Briefly, air dry these preps under the vertical hood.
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3. Fix these preps in acetone at -20°C for 10 minutes and air dry under
the vertical hood for approximately 5 min. There is evidence to suggest
that Ki-67 is stable for at least 4 hours at RT following cell death and
fixation (147).

4. All slides are then stored in a slide box with calcium sulphite desiccant
crystals in a "ziplock" freezer bag at -80°C. Storage at -80°C is crucial to
later staining, since the Ki-67 antigen is not stable for long at -20°C
(147). The use of wooden or cardboard slide holders is recommended
only because plastic tends to crack when exposed to -80°C for long
periods. 5. When ready to stain a collection of slides, take a hair dryer
to the freezer (-80°C) and be prepared to blow RT air over slides as the
slidebox is opened. DO NOT WARM SLIDES ABOVE RT WITH THE
BLOW DRYER! This may degrade the Ki-67 protein/antigen. Continue
to blow RT air over the slides until the frost is removed. Circle or
outline cell preps/wells with a PAP (glue) pen to a thickness of glue that
will prevent running of reagents. 6. Soak all slides in HM-PBS for 5
min.

7. Remove slides and place in a solution of 50 ml absolute methanol and
0.5ml of 30% H,0; in the dark for 10 min. at RT in order to eliminate
endogenous peroxidase, if dealing with a cell type known to contain
endogenous peroxidase activity. For many slides, when > 50 ml of
solution may be required, scale up the volumes, but keep the
concentration of hydrogen peroxide constant.

8. Soak all slides again in HM-PBS for 5 min.

9. Apply 40 ul per well of a solution of 10% normal goat serum (that
has been previously heat inactivated for 30 min. at 56°C) in HM-PBS for
20 min. at RT in a humid chamber.

10. Remove excess normal goat serum solution by tilting the slide and
gently tapping on a table. DO NOT RINSE OR WASH SLIDES AT
THIS TIME.

11. Apply 40 ul per well of the primary antibody (murine monoclonal Ki-
67, Dakopatts Corp.) in a 1:25 or 1:50 dilution in 2% BSA/HM-PBS for 1
hr. at 37°C in a humid chamber. Titer all antibodies during the first
staining procedure to determine optimal staining dilutions. Do not add
primary antibody to at least one well or slide that will serve as a negative
control. Cover this well/slide with HM-PBS and incubate with the other
slides.

12. Gently rinse the excess primary antibody off slides with HM-PBS
from a squirt bottle for 10 seconds. As always wipe excess fluid from
around the cell preps or wells to prevent running of reagents.
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13. Apply 40 ul of secondary antibody (gt a-mouse IgG-biotin, Fab,’
fragment TAGO, Corp. Lot #400303) in a 1:50 or 1:100 dilution in 2%
BSA and HM-PBS. Apply secondary antibody and all subsequent reagents
to negative (deletion of primary antibody) control also. Incubate at 37°C
for 1 hr. in a humid chamber.

14. Gently rinse slides for 10 sec. in HM-PBS from a squirt bottle.

15. Apply 40ul of double strength ABC (Avidin-Biotin Complex) reagent
or single strength ABC "Elite" reagent (Vectastain kits from Vector Co.)
per well and incubate slides for 1 hr. at 37°C in a humid chamber. ABC
reagent (whether regular quality or "Elite") is prepared by adding one
drop of reagent A to one drop of reagent B in 5 mi of HM-PBS which is
vigorously mixed and left to stand in the dark at RT for 30 min. A ,
double strength reagent consists of 2 drops of A plus two drops of B in §
ml of HM-PBS.

16. Gently rinse ABC reagent off for 10 sec. with HM-PBS from a squirt
bottle and soak slides in a Coplin jar of HM-PBS for 5 min.

17. During this 5 min. wash, prepare a diaminobenzidine (DAB)
substrate solution from 150mg of 3,3’ diaminobenzidine tetrahydrochloride
(Sigma) and 50 ml of HM-PBS. Stir well to get all of the DAB into
solution. Add 0.5 ml of 30% H,0, to the solution. Gently stir the
solution for a few seconds. Quickly add washed slides to the solution and
cover to create a dark environment. Let slides react in the DAB solution
for 6 min. in the dark at RT.

18. Remove slides and wash 1 min. each in 3 x 50 ml changes of HM-
PBS.

19. Intensify the DAB reaction product for 6 min. in the dark at RT in a
solution containing 0.5% CuSO, and 8.5g/1 NaCl in distilled (nanopure)
water. :

20. Remove slides and wash 1 min. each in 3 x 50 ml changes of HM-
PBS.

21. Lightly counterstain by adding slides to 0.1% Methylene Blue in
distilled water for 30 sec. and washing in 3 changes of deionized.
(Nanopure) water for 10 seconds each.

22. Air dry slides under a hood, dip in xylene and coverslip with
Permount. When mounting balsam sets up, examine slides under oil
immersion (= 1000X) and look for small brown particles in the nucleus.
Negative cells are completely devoid of brown stain in the nucleus or

cytoplasm.
References: 144-150.
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PROCEDURE FOR IMMUNOFLUORESCENT STAINING OF RECEPTORS FOR
C3bi ON PHAGOCYTIC CELLS WITH OKM1 '
MONOCLONAL ANTIBODY

LABORATORY: MICROBIOLOGY/IMMUNOLOGY (OLSON)
DATE: April 1990

PURPOSE: To stain for CD11/CD18 complex receptors for the inactivéted third
component of complement (C3bi) by indirect immunofluorescence using OKM1
monoclonal antibody on a variety of phagocytic leukocytes.

A. MATERIALS:

1. Antibodies

a. OKM1 murine monoclonal antibody (Dakopatts), or OKM1 hybridoma
(ATCC) culture fluid.

b. Goat-anti-mouse IgG FITC conjugate (H + L chains, Fab,’ fragment,
Becton Dickinson)

2. 2% Bovine Serum Albumin (BSA) in HM-PBS

B. PROCEDURE:

1. Place 1 x 109 cells into a glass siliconized of plastic 12 x 75 mm tube
and wash the cells twice in cold D-PBS or other appropriate buffer.
Decant all fluid after second wash. The residual fluid volume should be
about 100 pul.

2. Add 100 pl of a 1:5 dilution of OKM1 antibody in 2% BSA/HM-PBS,
or 100 ul of undiluted OKM1 hybridoma culture fluid. Resuspend cells in
antibody solution and place on ice for 30 minutes.

3. Wash cells twice in 1 ml volumes of cold D-PBS or other buffer.

4. Add 100 pl of FITC conjugated secondary antibody diluted 1:50 in 2%
BSA/HM-PBS. Place cells on ice in the dark for 30 minutes.

5. Wash cells twice in 1 ml volumes of cold D-PBS.

6. Fix cells overnight at 4°C in 2% PF or 2% PLP (see PLP procedure).
7. Make cytospin slide preparations and coverslip with Aquamount
(Lerner Laboratories, New Haven, CT.).

8. Observe fluorescence with appropriate FITC filter.

References: 21, 58, 161.




PROCEDURE FOR IMMUNOPEROXIDASE STAINING
OF C-MYC ONCOPROTEIN
LABORATORY: MICROBIOLOGY/IMMUNOLOGY (OLSON)
DATE: October 1990

PURPOSE: To stain for a putative 40-50 kD degradation product of the human

c-myc oncogene by indirect immunoperoxidase technique using monoclonal
antibody from Myc CT14G4.3 hybridoma culture fluids.

A. MATERIALS:

1. Antibodies

a. Tissue culture fluid from murine Myc CT14G4.3 hybridoma (ATCC)
b. Peroxidase conjugated goat-anti-mouse IgG (H + L chains, EIA grade,
BioRad)

2. 2% Bovine Serum Albumin (BSA) in HM-PBS with 0.5% Tween 20

3. Methanol and hydrogen peroxide

4. Heat inactivated (30 min., 56°C) normal goat serum

5. DAB substrate solution (see BrdUrd-antiBrdUrd procedure)

6. Copper sulfate enhancing solution (see BrdURd-anti-BrdURd
procedure)

B. PROCEDURE:

1. Prepare cytospin slides of cells, air dry and fix in 2% PLP.

2. Air dry and store desiccated at -20°C or proceed with stalmng

3. Remove slides and briefly warm with a hairdryer.

4. Permeabilize cell membranes in acetone at -20°C for 10 minutes.
5. Air dry and draw PAP pen circles around cell preparations, then
rehydrate cells in HM-PBS for 5 minutes.

6. Eliminate endogenous peroxidases, if necessary, by soaking slides in 50
ml of methanol containing 0.5 ml of 30% hydrogen peroxide for 10
minutes in the dark at RT.

7. Block in 2% heat inactivated normal goat serum in HM-PBS at RT for
30 minutes. .
8. Apply 40 ul of undiluted Myc CT14G4.3 hybridoma fluid to each slide
and place slides in a humid chamber at RT for 2 hours. Rinse slides for
10 seconds with HM-PBS from a wash bottle.
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9. Apply 40 ul of peroxidase labelled goat-anti-mouse IgG antibody
diluted in 2% BSA/HM-PBS and 0.5% Tween 20 to each slide for 1 hour
in a humid chamber at RT. Rinse slides for 10 seconds with HM-PBS
from a wash bottle.

10. Develop slides in DAB substrate solution for 10 minutes at RT in the
dark. Wash slides twice for 5 minutes each in HM-PBS.

11. Enhance DAB detection by soaking slides in copper sulfate solution
for 10 minutes at RT. Wash slides in 3 changes of deionized water.

12. Counterstain in 0.1% methylene blue for 10 seconds and wash slides
in 3 changes of deionized water. Air dry and coverslip in Protexx
mounting medium.

NOTES: Although Myc CT14G4.3 antibody has been reported to detect the
p62/64 nuclear c-myc oncoprotein on Western blots (160), staining is largely
cytoplasmic and no truly distinguishable nuclear staining is evident.
Photomicrographs of immunofluorescent stains in the literature (104) reflect the
same intracellular detection described here. The literature (104, 160) also shows
that antibodies from Myc 16E10 to stain nuclei with strong fluorescence.
However, Myc 16E10 is not currently available from ATCC.

References: 104, 147, 163.

SDS POLYACRYLAMIDE GEL ELECTROPHORESIS
A. MATERIALS:

1. Stock Acrylamide

Electrophoresis Grade (99.9%) Acrylamide 730 g

Bis Acrylamide 20¢g

Deionized Water ‘ 250 ml
Filter through Whatman #1 Paper. Store at 4°C,

2. Stacking Gel Buffer

Sodium Dodecyl Sulphate (SDS) 10g
Tris-Base 151 ¢g
Deionized Water 250 ml

Adjust pH to 6.8 with concentrated HCI and filter through Whatman #1
paper. Store at 4°C.
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3. Separating Gel Buffer

SDS 10g
Tris-Base 455 g
Deionized Water . 250 mi

Adjust pH to 8.8 with concentrated HCI and filter through Whatman #1
paper. Store at 4°C,

4. 2X Sample Buffer

0.5 M Tris-HCI 250 ul
Glycerol (glycerin) 200 pl
0.1% Bromophenol Blue 50 ul
10% SDS 400 pl
2-mercapto-ethanol 40 ul
Deionized Water 1.06 ml

Store at 4°C.

5. Reservoir Buffer

SDS 45g
Glycine 648 g
Tris-Base 135 g
Deionized Water 4.5 liters

Store at 4°C.

6. 10% Stock Ammonium Persulphate (APS) Solution
Ammonium Persulphate 0lg
Deionized Water 0.9 ml
Store at 4°C. Make fresh weekly.
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B. PROCEDURE:

1. Pour a 10% or 12.5% acrylamide gel for analysis of HL-60 lysates as
shown below (WEAR LATEX GLOVES AT ALL TIMES WHILE
HANDLING ACRYLAMIDE, WHICH IS A NEUROTOXIN).

Stock Reagents Final Concentration of Acrylamide in Gel

7.5% 10.0% 12.5% 15.0%

Acrylamide 7.5ml 10.0ml 12.5ml 15.0ml
Separating Gel 7.5ml 7.5ml 7.5ml 7.5ml

Buffer

Deionized Water  14.9ml 12.4ml 9.9ml 7.4ml

APS 45 ul 45 ul 45 ul 45 ul

TEMED 15 ul 15 ul 15 ul 15 ul

2. Degas the gel solution for approximately 5 minutes under a vacuum
pump. Add APS and TEMED just prior to pouring of the gel and gently
swirl.

3. Pour the separating gel into the glass plate sandwich. Let the
separting gel polymerize with a layer 1 cm thick of isobutanol over the
gel for approximately 15 to 30 minutes. the isobutanol serves to exclude
oxygen and speed the polymerization process. Remove the isobutanol
and rinse the top of the gel with deionized water repeatedly until no
scent of isobutanol remains.

4. Pour a stacking gel containing 1.5 ml of stock acrylamide, 2.5 ml of
stacking gel buffer, 6 ml of deionized water 30 ul of APS and 10 ul of
TEMED. As for the separating gel, degas the mixture for 5 minutes and
do not add APS or TEMED until just prior to pouring. Place a comb
between the glass plates and pour the gel. Eliminate bubbles beneath the
teeth of the comb by pulling the comb up about 1 cm and then striking
down sharply. Allow the separating gel to polymerize for at least 30
minutes. At this point the gel may be stored for up to 5 days in the
refrigerator without removal of the comb.

5. Remove the comb and fill the wells with reservoir buffer.
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6. Boil samples in 2 X sample buffer or heat at 100°C for 2 minutes and
load 5-100 ul of sample to each lane. Avoid using outside lanes, where
distortions of electrophoretic pattern may occur.

7. Attach the gel cassette to the upper reservoir buffer chamber according
to the Hoeffer instruction manual and carefully fill the upper reservoir
with reservoir buffer (about 150 ml). Look for leaks in the reservoir or
around gaskets. If leaks occur remove reservoir buffer and reattach the
upper reservoir to the sandwiches. Insert the assembly into the
electrophoresis tank containing about 4 liters of reservoir buffer and a
magnetic stir bar. Place the tank on a stir plate and run the gel with
cooling at 14°C or in a cold room to avoid "smiling" of bands and other
distortions.

8. Run the gels at 150 W, and 30 mA per gel for 4 to 4.5 hours or until
Bromphenol Blue is almost eluted from the bottom of the gel.

9. Carefully pry plates apart, remove the gel while wearing gloves, and fix
the gel for silver or other stains. Usually the gel will stick to one plate
and can be removed by inverting the gel and starting an air pocket at one
corner to peel the gel off. The gel may then fall into a tray of fixative or
stain.

COOMASSIE BLUE STAIN OF PROTEINS IN SDS GELS

LABORATORY: MICROBIOLOGY (SONGER)

A. MATERIALS:
1. Stock Coomassie Stain
Coomassie Brilliant Blue R250 075 g
Methanol 200 mi
Deionized Water 550 ml
2. Destain Solution
Glacial Acetic Acid 63 ml
Methanol 90 ml

Deionized Water 747 ml
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B. PROCEDURE:

1. Make working Coomassie stain by adding 60 ml of glacial acetic acid to
240 ml of stock Coomassie stain. Cover the gel with 300 ml of working
stain and agitate gently overnight.

2. Remove the stain and begin destaining with 300 ml of destain solution.
The destaining process can be facilitated by microwaving the gel in
destain for 2 minutes on a high setting followed by gentle agitation.
Destaining can take several hours and will require at least 3 changes of
destain solution.

NOTES: The working stain solution can be saved and reused many
times. A completely destained gel will have a translucent background
(i.e.- only protein bands will be stained). Microwaving for 2 minutes is a
minimum time period.

GEL CODE SILVER STAINING OF
GLYCOPROTEINS AND NUCLEIC ACIDS IN SDS GELS

LABORATORY: MICROBIOLOGY (SONGER)

A. MATERIALS:
1. Stock Silver Solution
AgNOg 1425 g
Deionized Water 500 ml

NOTE: All deionized water used in the Gel-Code silver stain should have
an 18 MOhm resistance to avoid background artifacts.

2. Stock Reducing Solution #1

37% Formaldehyde 56.25 ml
Deionized Water 443.75 ml
3. Stock Reducing Solution #2

NaOH 5625 g
Deionized Water 500 mi

. 4. Stock Enhancing Solution
Na,CO; 168.75 g
Deionized Water 500 ml
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B. PROCEDURE:

1. Fix the gel overnight in 150 ml of 50% ethanol and 10% acetic acid in
deionized (18 MOhm) water. A previously Coomassie Blue stained gel is
also suitable, if fully destained, and does not require fixation. If gel is
Coomassie stained begin with step 2.

2. Remove fixative and wash the gel in 150 ml deionized water for 1
hour with agitation. Repeat 3 more times or soak gel in deionized water
overnight.

3. Dilute 10 ml of stock silver solution with 140 ml deionized water.
Equilibrate the gel for 30 minutes with gentle agitation in working silver
solution.

4. Remove the silver solution and rinse the gel in 150 ml of deionized
water for 10 seconds.

5. Remove the water and reduce the gel in 150 ml of working reducing
solution (gs 10 ml of reducing solutions #1 and #2 to 75 ml each and
mix before adding to the gel). Be careful not to add reducing solution
directly on the gel, since this may cause staining aberrations.

6. Remove the reducing solution and enhance the color and stabilize the
gel with 150 ml of working Na,COj solution (qs 10 ml of stock solution
to 450 ml with deionized water) for 15 minutes. After 15 minutes change
the enhancing solution and change again in 1 hour.

NOTES: Gels can be stored for several months in plastic bags with a
small volume of deionized water, but soon become very fragile. If
desired, photograph gels within 1 day of staining.
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Appendix F: CAS-100 Image Feature Definitions

Global Features

Name Formuia Description/Comments
L. Nuclear Area = No. of Pixels Measured in um?.
318 x (Mag. Objective/100)?
2. Total OD = 2 pixels X OD Sum of all pixel OD values.
3. Average OD = Total OD/ Na. of Pixels Average OD per pixel
4. Shape Factor = Perimeter?/Nuclear Area Perfect circle = 4 = 12.56.

Note: OD = Optical Density. Mag. = Magnification.
Texturai Features

Pr(ij) = the conditional probability of gray level i occurring L picture points after gray level j
occurs, where L is defined as the step (grain) size.

N = the number of gray levels in the digitized image.

N
PD) = 2 PL(i)

j=t

N
PG) = 2 P

i=1

N N
P,.,.,(k):E EPL(VD, i+tj=kandk=23...2N

i=1 j=l

N N
Pry(K) =2 2P i-je=kamdk=01... N1

isl j=l

Terms uy and p,, are the means of P(i) and Py(j) respectively. Likewise 0y and gy are the
standard deviations associated with the means.
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Textural Feature Definitions Continued:

Hx and Hy are the entropies of Py(i) and Py(j) respectively.

N N
HXYL = 2, 3 Py (if)log(Py(i)Py(i))
i=1 j=1

N N
HXY2 =2 2 B(i)P,()logBP,0))
i=1 j=1

N
Q = 2 (PLAMPLGRIPDP()

k=1
Name Formula Description/Comments
N N
1. TXA = 2 2 (Pr.(i/))? Sum of squares of the probability of finding
i=1 j=1 ' each possibie OD transition.
N-1 N N
2. TXB = 2 n? 2 E P, (iff) Internal image contrast between neighboring
i§ =1 i=1 j=1 ~ OD values.
N N
3. TXC = 2 2 {)PLAA) -pxpy Correlation between neighboring OD values.
i=1 j=1
(Uxay)
N N
4, TXD = 2 2 (i)? PG5 Internal image contrast; values equal to TXB,
i=1 j=1 although formula emphasizes large OD
transitions.
N N
S.TXE = 2 2 (1+(@i-)2) TP (iff) Measures lack of contrast.

i=1 j=1



6. TXF =

7. TXG =

8. TXH =

9. TXI =

10.

;

11. TXK

12. TXL

13. TXM

14. TXN

15. TXO
16. TXP

17. TXQ

18. TXR

2N

2, i By

i=2

2N

2, (TXH)?Py (i)
i=2

2N

2 Py )IOE(Pray)
i=2

N N
2 2 Py (if)log(PL(i)

i=1 j=1

variance of Px_y(k)

N-1

- & Py (D)log(Py., (i)
i=0

(TXI - HXY1)
max(HX,HY)

=/ | - exp(-2(HXY2 - TXI))

second largest eigenvalue of Q

(oof Ppr(U))/(uof Py (i/j))

= max(Pr (iff))

variance of Py (i/j)

N N

DI /o.sli-jIPLwJ')
i=1 j=1
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No obvious physical interpretation. Computes

the tendency of OD values to oscillate around a
constant value.

Computes oscillations around constant values

like TXF, but oscillations around large constant
OD values produce larger values of TXG.

Measures randomness of OD transitions.

Measures the randomness of OD transition
probabilities.

Variance of OD transition probabilities.

Measures randomness among OD values
differences.

Measures randomness of OD transition
probabilities.

Similar to TXL.

Correlation coefficent of OD transition
probabilities.

Coefficient of vuriation of OD transitions.
Computes the most probable OD transition.

Computes the variance of OD transitions
of zero difference.

Emphasizes relatively large OD transitions.



N
19.TXS = 2 2 (05liIPL()
N N .
20.TXT = 2 2 (i -u)G - WPL)

N N
2. TXU = 2 PLA) - PLGA)
1 j=1

i=

22. TXV = Unpublished.

23, OBTX =
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Greater emphasis on large OD transitions than
TXR.

Emphasizes OD transitions which differ greatly
from the mean OD transition. '

Measure of 2 dimensional grain OD symmetry.

Meausres brightness transitions of zero
difference, among neighboring OD values, or in
effect "granularity”

Standard deviation of pixel optical density
values in an image.

References: 113, 114, and the CAS-100 Help program.
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Appendix G: Additional ANOVA Tables from Analysis of Feulgen Stained HL-60 Cells at 0, 4,
8, and 16 Hours after Release from Density Arrest

1. Feature = OBAD (Average Optical Density of Pixels)

Source of Variation df SS MSS F P
Between Subjects 399  0.8415

Time after Release 3 0.4010 0.1337 120.174 < 0.01
Subjects X Groups 396 0.4405 0.0011

2. Feature = OBSH (Nuclear Shape Factor)

Source of Variation df SS MSS F P
Between Subjects 399 7948.2822

Time after Release 3 244.9294 81.6432 4,197 < 0.01
Subjects X Groups 396 7703.35 19.4529

3. Feature = OBTX (Standard Deviation of Pixel Optical Densities)

Source of Variation df SS MSS F : P
Between Subjects 399 0.1374

Time after Release 3 0.0684 0.0228 131.015 < 0.01
Subjects X Groups 3%  0.0690 0.0002

4. Feature = TXA (Angular Second Moment)

Source of Variation df SS MSS F P
Between Subjects 399 0.0069
Time after Release 3 0.0001 0.0000 1.108 0.3427

Subjects X Groups 396  0.0068 0.0000




5. Feature = TXB (Contrast between Optical Density Values)
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Source of Variation daf SS MSS F P
Between Subjects 399  63.7889

Time after Release 3 11.0737 3.6912 27.729 <0.01
Subjects X Groups 396 52.7152 0.1331

6. Feature = TXC (Correlation among Optical Density Values)

Source of Variation df SS MSS P
Between Subjects 399 134297346000

Time after Release 3 18669015000 6223005200 <0.01
Subjects X Groups 396 115628327000 291990720

7. Feature = TXU (Triangular Symmetry; a Measure of 2 Dimensional Symmetry among

Optical Density Values)

Source of Variation df SS MSS F P

Between Subjects 399 0.1200

Time after Release 3 0.0022 0.0007 2.434 0.0640
- Subjects X Groups 3% 01178 0.0003

8. Feature = TXV (Blobness; Granularity)

Source of Variation df SS MSS F P

Between Subjects 399 0.3178

Time after Release 3 0.1318 0.0439 93.492 <0.01

Subjects X Groups 396 0.1861 0.0005
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Appendix H: Additional ANOVA Tables from Analysis of Feulgen Stained HL-60 Cells at 0, 4,
8, and 16 Hours after Release from Double Thymidine Block

1. Feature = OBAD (Average Optical Density of Pixels)

Source of Variation df SS MSS F P
Between Subjects 399 0.3178

Time after Release 3 0.1318 0.439 93.492 <0.01
Subjects X Groups 3%  0.1861 0.0005

2. Feature = OBSH (Nuclear Shape Factor)

Source of Variation df SS MSS F P
Between Subjects 399 15474.1758

Time after Release 3 628.6392 209.5464 5.590 <0.01
Subjects X Groups 39 14845.5361 37.4887

3. Feature = OBTX (Standard Deviation of Pixel Optical Densities)

Source of Variation df SS MSS F P
Between Subjects 399  0.0690

Time after Release 3 - 00385 0.0128 167.288 <0.01
Subjects X Groups 3% 00304 0.0001

4, Feature = TXA (Angular Second Moment)

Source of Variation df SS MSS F P
Between Subjects 399 0.0066
Time after Release 3 0.0001 0.0000 1.736 0.1576

Subjects X Groups 396  0.0065 0.0000




5. Feature = TXB (Contrast between Optical Density Values)
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Source of Variation df SS MSS F P
Between Subjects 399  55.6527

Time after Release 3 10.7507 3.5836 31.604 . <001
Subjects X Groups 396 449021 0.1134

6. Feature = TXC (Correlation among Optical Density Values)

Source of Variation daf SS F P
Between Subjects 399 68807729000

Time after Release 3 13354932200 4451643900 31.79 <«0.01
Subjects X Groups 396 55452795000 140032304

7. Feature = TXU (Triangular Symmetry; a Measure of 2 Dimensional Symmetry among

Optical Density Values)

Source of Variation df SS MSS F P
Between Subjects 399 0.0692

Time after Release 3 0.0133 0.0044 31.533 <0.01
Subjects X' Groups 396 0.0558 0.0001

8. Feature = TXV (Blobness; Granularity)

Source of Variation o SS MSS F P
Between Subjects 399 03894

Time after Release 3 0.0370 0.0123 13.876 <0.01

Subjects X Groups 396 03524 0.0009
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Appendix I: Additional ANOVA Tables from Analysis of Feulgen Stained Density Arrested HL-
60 Cells with and without Retinoic Acid on Days 1, 2, 3, 5, and 7.

1. Feature = OBAD (Average Optical Density of Pixels)

Source of Variation df SS MSS F P
Between Subjects 999 1.3068

Treatment 1 0.0289 0.0289 32.125 <0.01
Day Post Induction 4 0.0933 0.0233 25.980 <0.01
Treatment X Day 4 0.2954 0.0739 82.235 <0.01
Subjects X Groups 990  0.8891 0.0009

2, Feature = OBTX (Standard Deviation of Pixel Optical Densities)

SS MSS F P

Source of Variation df

Between Subjects 999 0.1180

Treatment 1 0.0005 0.0005 6.130 <0.02
Day Post Induction 4 0.0294 0.0074 83.580 <0.01
Treatment X Day 4 0.0009 0.0002 2.462 <0.05
Subjects X Groups 990 0.0871 0.0001

3. Feature = TXA (Angular Second Moment)

Source of Variation df SS MSS F P
Between Subjects 999 0.0027

Treatment 1 0.0001 0.0001 31.002 <0.01
Day Post Induction 4 0.0003 0.0001 28.611 <(0.01
Treatment X Day 4 0.0001 0.0000 5.772 <0.01
Subjects X Groups 990 0.0023 0.0000




4, Feature = TXB (Contrast between Optical Density Values)
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Source of Variation df SS MSS F P
Between Subjects 999 983.6898

Treatment 1 32.1566 32.1566 37.106 <0.01
Day Post Induction 4 65.0819 16.2705 18.775 <0.01
Treatment X Day 4 28.5136 7.1284 8.226 <0.01
Subjects X Groups 990 857.9377 0.8667

5, Feature = TXC (Correlation among Optical Density Values)

Source of Variation df SS MSS F P
Between Subjects 999 159013994000

Treatment 1 1354765600 1354765600 2338 0.1266
Day Post Induction 4 6899269600 1724817410 1136 <0.01
Treatment X Day 4 1509787130 377446780 2487 <0.05
Subjects X Groups 990 150250176000 151767856

6. Feature = TXM (Relates to Entropy or Randomness of Optical Density Values)

Source of Variation df SS MSS F P
Between Subjects 999 3.0600

Treatment 1 0.0761 0.0761 28.261 <0.01
Day Post Induction 4 0.1759 0.0440 16.331 <0.01
Treatment X Day 4 0.1419 0.0355 13,170 <0.01
Subjects X Groups 990  2.6661 0.0027




7. Feature = TXN (Maximal Correlation Coeflicient among Optical Density Values)
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Source of Variation df SS MSS F P
Between Subjects 999 2.5143

Treatment 1 0.0357 0.0357 15.530 <0.01
Day Post Induction 4 0.1223 0.0306 13.306 <0.01
Treatment X Day 4 0.0819 0.0205 8.917 <0.01
Subjects X Groups 990 22744 0.0023

8. Feature = TXO (Coeflicient of Variation of Optical Density Values)

Source of Variation df SS MSS F P
Between Subjects 999 10.5166

Treatment 1 0.2912 0.2912 32.298 <0.01
Day Post Induction 4 1.0703 0.2676 29.678 <0.01
Treatment X Day 4 0.2292 0.0573 6.3550 <0.01
Subjects X Groups 990  8.9258 0.0090

9. Feature = TXU (Triangular Symmetry; a Measure of 2 Dimensional Symmetry among

Optical Density Values)

Source of Variation daf SS MSS F P
Between Subjects 999 1.2588

Treatment 1 0.0277 0.0277 26.546 <0.01
Day Post Induction 4 0.1537 0.0384 36.765 <0.01
Treatment X Day 4 0.0429 0.0107 10.257 <0.01
Subjects X Groups 990 1.0345 0.0010
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10. Feature = TXV (Blobness; Granularity)

Source of Variation daf SS MSS F P

Between Subjects 999 0.3627

Treatment 1 0.0162 0.0162 52.655 <0.01
Day Post Induction 4 0.0228 . 0.0057 18.568 <0.01
Treatment X Day 4 0.0201 0.0050 16.365 <0.01
Subjects X Groups 990 0.3037 0.0003

Appendlx J: Additional ANOVA Tables from Analysis of Feulgen Stained Double Thymidine
Blocked HL-60 Cells with and without Retinoic Acid on Days 1, 2, 3, 5, and 7.

1. Feature = OBAD (Average Optical Density of Pixels)

Source of Variation df SS MSS F P
Between Subjects 999 0.8826 :

Treatment 1 0.0018 0.0018 2.433 0.1191
Day Post Induction 4 0.0651 0.0163 21.532 <0.01
Treatment X Day 4 0.0673 0.0168 22.264 <0.01
Subjects X Groups 990  0.7484 0.0008

2. Feature = OBTX (Standard Deviation of Pixel Optical Densities)

Source of Variation df SS MSS F P

Between Subjects 999  0.1189

Treatment 1 0.0007 0.0007 6.463 <0.02
Day Post Induction 4 0.0089 0.0022 20.246 <0.01
Treatment X Day 4 0.0012 0.0003 2.633 <0.04
Subjects X Groups 990 0.1082 -0.0001




3. Feature = TXA (Angular Second Moment)
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Source of Variation df SS Mss F P
Between Subjects 999 0.0036

Treatment 1 0.0000 0.0000 10.406 <0.01
Day Post Induction 4 0.0001 0.0000 5.261 <0.01
Treatment X Day 4 0.0002 0.0000 12,298 <0.01
Subjects X Groups 990 0.0034 0.0000

4, Feature = TXB (Contrast between Optical Density Values)

Source of Variation df SS MSS F P
Between Subjects 999 1228.9640

Treatment 1 8.4956 8.4956 7.637 <0.01
Day Post Induction 4 57.0861 14.2715 12.829 <001
Treatment X Day 4 62.0694 15.5174 13.949 <0.01
Subjects X Groups 990 1101.3129 1.1124

5. Feature = TXC (Correlation among Optical Density Values)

Source of Variation df SS MSS F P
Between Subjects 999 175155806000 '

Treatment 1 83956664 83956664 0.479 0.4892
Day Post Induction 4 658212480 164553120 0.938 0.4451
Treatment X Day 4 757542340 189385584 1.080 0.3625
Subjects X Groups 990 173656097000 175410192




6. Feature = TXM (Relates to Entropy or Randomness of Optical Density Values)
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Source of Variation df SS MSS F P
Between Subjects 999  4.3880

Treatment 1 0.0385 0.0385 9.828 <0.01
Day Post Induction 4 0.1614 0.0404 10.291 <0.01
Treatment X Day 4 0.3061 0.0765 19.515 <0.01
Subjects X Groups 990  3.8820 0.0039

7. Feature = TXN (Maximal Correlation Coeflicient among Optical Density Values)

Source of Variation df SS MSS F P
Between Subjects 999 4.5515

Treatment 1 0.0318 0.0318 7.856 <0.01
Day Post Induction 4 0.1387 0.0347 8.550 <0.01
Treatment X Day 4 0.3674 0.0918 22.656 <0.01
Subjects X Groups 990 4.0136 0.0041

8. Feature = TXO (Coefficient of Variation of Optical Density Values)

Source of Variation df SS MSS F P
Between Subjects 999 13.4383

Treatment 1 0.1414 0.1414 11.259 <0.01
Day Post Induction 4 0.2778 0.0694 5.5290 <0.01
Treatment X Day . 4 0.5826 0.1456 11.594 <0.01
Subjects X Groups 990 12.4365 0.0126
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9, Feature = TXU (Triangular Symmetry; a Measure of 2 Dimensional Symmetry among
Optical Density Values)

Source of Variation df SS MSS F P
Between Subjects 999 1.5112

Treatment 1 0.1030 0.1030 83.122 <0.01
Day Post Induction 4 0.1703 0.0426 34.361 <0.01
Treatment X Day 4 0.0110 0.0027 2.2130 0.0652
Subjects X Groups 990 1.2269 0.0012

10. Feature = TXV (Blobness; Granularity)

Source of Variation df SS MSS F P
Between Subjects 999 0.5082

Treatment 1 0.0021 0.0021 4.656 <0.04
‘Day Post Induction 4 0.0216 0.0054 11.953 <0.01
Treatment X Day 4 0.0370 0.0093 20.482 <0.01
Subjects X Groups 990  0.4474 0.0005
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