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To my Pamily

Qa

I'm walking out easy I'm walking out slow

I'm taking this o0ld road to a place that I know
and I - can't feel the wind & I don't see the snow
over my mountain

And it's\cold‘gettin' colder but ‘I'm feeling so warm

- I'm flying so high I just can't see the storm

and it's a long time ago I was here on my own '
over my mountain ~7
)

Sc in sad isolation I'm feeling so good

I've drifted too far but I knew that I would

and it seems that I'm laughing and I knew that I could’
over my mountain '

Dougie Maclean

iv
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ABSTRACT

This study investigated the capacity of K562, a poorly
differéntiatedAhuman leukemic cell line, to Qifferentiate in
response. to exogenous inducing égénts. The results
ihdicated thatfxséz is a pluripotential stém cell line,
that, when stimulated with an appropriate agént} can
differen@iaté along ervythroc¢ytic, granulocytic, monocytic’
and megakaryocytic lineag;s. Induct}on of differentiation
of K562 cells :hgqﬂpts that treatment of poorly |
differentiated leukemias with inducing agents may be
beneficial in ‘these diseases as well as in chronic
leukemias,.

K562 cells synth2sised 'nd expressed Class I MHC .
antigens ‘when induced Qi:h sodium butyrate, interfe:on; and
phorbol diesters. These results are significant because of
'groving'evidehcéy;f\a relétionship between exﬁtession ofﬁ’
MHC antigens, malig‘ancy and differentiation.

This study also provides additional evidgnce of the,

role of monoclonal antibodies in conjunction with

conventional cytochemistry in classifying acute leukemias.
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*. Differentiation and Carcinogenesis

Cell differentiation is a complex, highly reguléted
process based on selective activation and repression of
genetic matériai. Thds,_cells with the sahe genome are
able to perform unique and highly specialized functions.
Differentiating ceils are characterized by a progressive
restriction in their répf sire of gene products. Although
uniqge cell products are dramatic evidence of cell
differentiation, most differences between cells ére
believed to be quantitative rather than qualitative (1).
Cell differentiation is generally regarded to be a
unidirectional and irreversible transformation which will '

ultimately lead to cell death. The célls progress through.
#tages which ;re responsive to different stimuli and which
have varying degrees of proliferative capacity.

’In.a 1978 .Symposium on Fuﬁdamental Cancer Research,
Clement Market ;Zéted in his keynpte address that
"Neoplasms are disorders of cell differentiation stemming
from misprogramming of gene function. This misprogramming
can have many‘cauSes; but all caﬁcers must act by changing
-the function of regulatory DNA"™ (1). He goes on to suggest
that. the changes in the molecular mechanisms respbnsible
for activating and silencing structural gehes and |
regulating quantitative geﬁe“expression in normal
differentiation can be used to explain the cancer

phendtype. One of the major supporting pieces of evidence

3



for a lesion in regulatory as opposed to structural DNA is
that neoplastic cells make no'moleoules that are not also
found in normal adult or embryonic tissues,

In normal tissues, differentiation is intimately
linked witn proliferation so that a£ a specific stage of
maturation the cell loses the ability to proliferate.
‘However ir. .eoplastic cells, these two procesSes often
become antonomous (2), and the cancerous cells continue to

roliferate It has been suggested that neoplastic cells
are blocked at a certain stage of dlfferentlatlon (3). 1If
dlfferentlaslon stops before the cells lose thelr ability .
to proliferate, this nay also ... nt for the growth '
advantage that cancer cells raive :-ve: normal tissues.

It has been expressed by se"er;; authors that the
mechanisms of carc1nogenesxs and normal cell
dlfferentlatxon are similar if not 1dent1cal (4,5) and thet
in both processes cytoplasmic factors are_important‘(G).

" Differentiation appears to be essentiaily a cytop}asmic
evene with no permanent changes to the cells genome (6);
'The only strong evidence }n the hematopoietic system that
violates this constancy hypothesis is observed in the
differentiation of B lymphocytes. The generatiou of -
diversity in immunoglobulin specificity involves_
rearrangement of immunoglobulin gene segments (7).

Ektfecellular\factors,play an important role in both
differentiatiorn and neoplesia (6). Cell growth is
controlled by substances such as hormones, growth factors

and chalones. Carcinogenesis is often the result of’ \
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external factors such as viruses and radiation.

The ability to divide aépears'to be a prerequisiste
for both carcinogenesis éhd differentiation (6). Pierce
poinpéd out that tumours arise mainly in tissues capable of
mitosis (8). Por example, polymorphonuclear phagocytes,

which are incapable of further division, cannot initiate
, <

leukemia.

One of.the major reasons for interest in the
hypothesis that cancers result from disordered cell
diffe}entiation is that-the process might be reversible and
that some cancers might be curable by spontaneous or
induced differentiation (9). ~There is evidence in the
literature that4some tumors do occasionally differentiate
spontaneougly, for example neuroblastomas not uncommonly’
differentiate to formvnoném;%ignant ganglioneuromas (10).
In experiments done with teratocarcinomas, transplantation
of these ;umérs resulted in differentiation into many types
of adult tissues which showed neither invasiveness nor
persistant mitotic growth (11).l,There are hundreds of
reports in the literature that déscribe'sppntaneous
regression of cancer including caréinomas of the bronchus
and the stoﬁach'(lZ). o Vf ' -

One of the major controversies c&hpetning‘the nature

\ _
of cancer and its relationship to différentiation is
whether the phenotype of cancer. cells réﬁlects that of
normal ce11§ arrested at.a particular staég ir

\

differentiation, or whether it reflects a diso. o d



assembly of normal segmeﬁts of differentiétion programs
{9). This question arises from the observation that tumouE
cells occasionaily'express functions or features that
appear to be mutually exclusive in differentiated. normal
tissues.

Because of its relationship to neoplasia, the study of
differentiation in normal and cancerous tissues will likely

provide more insight into‘the initiation, progression and

management of cancer.

-



‘Chapter. II. Review of the Literature

bne'éf'the most widely, K used models for’studying
differentiation is the hematopoietic syStem, It is
attractive beéauses one has relativelf easy accesé t6 human
normal and mélignaht cells representing different degiges
~of differentiation. 1In addition, bloodfforming tissue is
one of tﬁe few which continuously reneﬁs itéelf, éven in’
adults.

In this system plugipofent stem celis.aifferéntiate,
probably by a multistep process, into mature cells of
va;ious cell lineages. 1Investigation of hematopoietic
differentiation has pract;éal importance because _the
pathogeﬁesis of many hema;ppoietic disorders can be related
to abnormalities in stem cell proliferation,.in their_~
differentiation or maturation processes, or in the cells
which tegulaté these processes, -

This literature review will describe the devgldﬁmeng of

. ! .
methodology that is used to measure differentiation and the

contribution of these techniques to our overall S

undetstandidg of hematopoiesis and leukemig today. ‘It Qill
also Feview_two m;jdr models used‘po‘describe
aiffesentiation programs of hematopoietic pluripotential
stem cells. 'It will then specifically discuss how human
myelogenous leukemia cell lines can be used as models to

study the biblogy of blood cell differentiation.

(R T S S



A. The Development of HethodOlogy'for‘Studying

o

Hematopoietic Differentiation.

1) Morphology
The earliest theoriesfof blood-cell differentiation-
date back to the seventeenth century when erythrocytes were
observed and described for ‘the first time. Leukocytes were

first seen in the.eighteenth cen}ury, but’ platelets were

not recognized'until 1842 because of the linitations of
microscopy available at thatwtime.' The first compound
microscopes proquced images of cells=surrounded by haloes,
the consequence of‘spherical aherration and ‘ \
diffraction errors of-low aperture'lenses. These
observations gave rise to the globular theory", or the
belief that all ‘the organs of the body were composed of
‘agglomerated globular corpuscles (13) .Antonj von
Leeuwenhoek, who first described erythrocytes, thought that
the red cell was derived«from six smaller particles,
Boerhaave extended the hypothesis, he believed that the'redl '
cell was~forned hy,six yellow globulee of heat coaguable
'sé}um, nhile‘the"serumlglobules were formed from six
”smaller lymphatic *juice globules which in turn were derived
from 'limpid humours"® Hewson modified the theory stating
that leukoéytes were formed in the lymph nodes and thymus,

‘ entered the cifculation via the thoracic duct and in the
spleen“were.transformed into erythrocytes, the leukocyte‘

" forming the centre of the red cell and coaguable lymph

forming the periphery. These illusory globular.

!
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obgservations collapsed with the introduction of the
achromatic microscope, but the theory df cell generation
frdmnexogenoué gthndles surg}ved yith‘5chwann's
cyEoblastoma hypothesis and gersisted‘for a ldng time in
the cell transformation thearies of hematopo;egis. Remak's
observation in 1841 of an embryohic blood cell_undergoing
mitogis initiated the general theory of cell

mdltipljcétion by division.

Léukemia was described afmost simultaneously by
Craigie, Bennett and Vvirchow in 1845 (14). Their
obseryatiohs were made at the autopsy of patients who had
been ill for one to two years with increasing weakness,
severe nosebleeds, and abdominal swelling. f?ey hoted an
énlaréement of the spleen and changes in the colour and
consistancy of the blood. Bennett believed that the
changes were related to an inflammatory response, but
Virchow récognized that the cells did not repfesent an
infection.of the blood. He pfoposed the name leukem;a or
“white blood®. He suggeéted that the defect was in those
organs that he believed proddced the}célls; the 1ymph
nodes, liver and spleen. He could notvattribute the
- changes he had seen to overgrowth of the blood forming
tissues, and eventuélly the prqliferation of the white
cells was attributéd to new groﬁth or neoplasia rather than
hyperplasia. Virchow subdivided leukemia into twq types
based on cell morphology'and clinical pregeﬂfatidn.

Those patients who had enlarged'spleens were described as

having "splenic" or "lienal" leukemia, and those with



swollén lymph nodes as having “®lymphatic® leukemia.’

In 1864, after the discovefy of platelets, there was a
school of thought developed by Lionel Beale, that platelets
were miﬂhte particles jof germinal matter, that might grow
into red cells or leukocytes (15). -in a modific#tion of
Ehis theory, Georges Hayem maintained that platelets, which
he referred[to as hematoblasts, are an early stade in the
development of the erythrocyte (16).

In 1868 Guilio Bizzozero and Ernst Neumann almost
.8imultaneously discovered the hematopoietic function of the
bone marrow, and so resolved the mystery of the site of red
cell production in édults (17). Neumann also suggested
" that blood formation is a continuous process in adult; and
not just a featufe of embryogenesis. Both of thése ideas
were highly cont{oversial. »

In 1870 Neumahn further suggested that in "splenic
leukemia® the harrow rather than the spieen was the source
of excess blood cell production. He named this conditioﬁ
"splenomedullary leukemia® which waé’later shortened to
*myeloid® or marrow derived leukemia (14).

Once the marrow was established as the site of blood
cell forhation, investiga%ors began Eo search for their
precursor cells (18). When these cells were found in the
marrow, investigators hypothesised that these cells
'originated there. Ungil 1925, it was believéd that ;hese
cglls‘were derived from the vascular wall within the bone

marrow, ’ o



The development of radiobiologic methods and
transplantation tecﬂniques refined these hypotheses. The
marrow was described as a production center whose
environment supports the differentiation and proliferation
of blood cells. The pluripotent stem cell circulates
throuéh the blood, but when it reaches the favorable

environpent of the marrow, it begins to divide and

® -~

" differentiate.

The origin of platelets remained in'dispute until 1906,
when James Wrigﬁp determined that‘they originate from - "
megakagyoblasts in the boné marrow (19). |

The introduction of_phase contrast and electron
,microscopy has added another dimerision to the morpholbgical
investigation of blood. ﬁltrastructural studies have been

& ,

particularly useful for studies of differentiation in the

megakaryocyte lineage (20).

2) Cytochemistry

Paul Ehrlich, akGerman bactériologist and pathologist,
introduced the use of aniline dyes in 1877 for staining
granules in leukoéytes, He used this s;aining»procedug? as
the basis of the differential blood count technique.

Ehrlich described a primitive, large, basophific
mononuclear cell with a vesicularbnucleus and few or no
granuies, in stained bone marrow smears. He called this
cell a "myelozyt® or marrow cell-and hg believed this cell to
be the precursor of grahulocytes..-Ehflich poétulatéq that |

lymphocytes had an ehtirely different line of development,



'or1glnat1ng in the’ lymph01d tissue (17) This dualistic
concept of. hematop01e51s was the forerunner of the concept
that cells could maintain their own numbers.bylcell
division and yet produce cells that would eventually mature
_intoyblood cells. |

Staining blood and marrow simplified &he class;fication
of leukemias. Ehrlich cqnfirmed that granulocytes and'\
their precursors were the predominant lineage in splenic or
myeloid leukemias (14). | h

Jeaner.in 1889 found that the precipitate formed when
eosin and methylene blue are mixed eould be dissolved in
hethyl'alcohol to form a useful stain combining certain
properties of both parent dyes. Jenner's stain is very

similar to the May Grunwald stain used teday. Romanowsky

in 1890, found that when.old methylene'blue was used, the

resulting stain had a much wider range and could stain cell,

nucleii and-platelet granules which Jenner's mixture failed
to staia. ' |

EhrliBh's work was followed by A;tur éappeqheim's who
used Romanowsky stains to study bone ma;row»celle. He
observed that the transitional forms of all blood cells
-—ceuld be orgahised into-a'pattern that began in a |
relatively featureless mononuclear cell thch he called a.
" lymphoidozyt®. The debate between Ehr11ch's duallst
concept and Pappenhelms monophyletlc theory lasted over
‘thirty years, each trying to describe, the most pr1m1t1ve
;cells that could be functioning as stem cells.

. Di Gugl1e1mo described erythroleukemlas in the‘early

-
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1900's‘first as a mixed myeloblastic erythroblastic forh,

and later'as a pure erythroleukemia which he called acute

efythremic myelosis. ' These were the first descriptions of
1eukemi§s of erythroid precursors (21).

In 1938 Porkner hypothesised th}ee.possible causes of
leukemia; in?ection, metabolic disorder,,or a melignancy
(14). | | -

It was 1ater shown that infection is. a consequence
rather than a cause of leukemia.

A defect in metabolism where there couid be either
excessive or deficieht production of a factorvinvolved in
.maturation of‘biood cells was supported by the discovery in
the L920's'that pernicious anemia, a disease of ineffective

Ted cell production'chafaCterized-by unsyﬁchton{zed nuclear

and cytoplasmic maturation, could be controlled by a "liver

fa in the diet.

Today leukemias are considered to be-ma}ignant
nepplasms,-a cencer'of blood forming cells, but there
continues to be a lot of work done identifying and
characterizing faétors that requlate growth and maturation
of blood cells. )

Hodern Romanowsky stains, which differ only in thev.
method of r1pen1ng the methylene blue, are used today for
routine cell differentials. This stain allows’
discriﬁinatign between three classes of granulocytes based
on differential stainin; of eytoplasmic granules.:.it also

allows us to measure the maturity of cells in the erythroid



lineage based on the relative amounts of methylene‘blue and
eosin that bind to the cells. _ ’
Cytochemical demonstration of specifically reacting

cell components at an intracellular'levelhhas provided

information on the constitution of the cells supplementary °

to that acquired from morphological examination,vand also

contributes to our knowledge of cell function. Specific

stains for the demonstration of iron, lipids, and leukocyte

proteolytic enzymes were developed around 1900. Since*
1930, there have been methods developed for stain;ﬁg

| carbohydrates, nucleoproteihs, proteins andvﬁumeroﬁd-
spécific enzymes, Today cytochemiséry allows us to
discriminate and classify somé otherwise morphologically
undifferentiated cells into particular developmental lines

I3

(22).

3) Colony Aséays‘
The colony aséays have been extrémelyyuseful in
defining groubs of progenitor cells that differ in their
capacity to self fenew, to undergo terminal
differenéiatioh!vtovérolifgrate, and to-respond to specific
growth'factdrs{ Thé convehtional depictibn of hemopoiesis,
in the‘fofm of lineage diagrams is also based to a large
extent on colony assay techniques,
In 1961 Till and ﬁ;Culloch developed a spleen colony
* -hod for quantitatigé mouse pluripotent hematopoietic
stem céils (23), cpnfifming the monophylétiq view- of

the totipotential stem cell which was first-suggested by

o
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Pappenheim in 1900. By 1965 semi-solid culture methods, an
in vitro assay of progenitor cells were being

used to investigate human stem cells. The.progenitor cells_
measured by these colony asays provided the link between
the pluripotent stem cell and the various hemic cell
lineages. Techniques for assaying committed progenitors
preceeded those for plurircotent stem cells.‘ CFU-GM or
granulocyte-macrophage colony forming unigg were deSc;ibed
by Pluznic and Sachs (24) and Bradley and Metcalf (25) in
1965. The assay syétem for erythroid colony‘forming units
CPU-E was developed by 1971 (26). Ervthr-id burst forming
units BFU—E,‘which are more primitive :hén CFU—;, were
cultured first in 1974 (27). Culture methocs. for :
megakaryocyte érogenitors were developed by Metcalf et al.
in 1975 (28). Progenitors assayable in these zlonal
cultures represent a continuum of stages of differentiation
in each cell lineage. Clonal assays fbr multipotential
progenito;s, CFU-GEMM, that give rise to cells in
granulocyte, macrophagg,Aerythrocyte, and megakaryocytic
lineages were develobed by 1978 (29)7 There are good
indicaﬁors based on the sensitivity of these cells to cycle
specific agents and replating experiments that CFU-GEMM and
CFU-S represent equivelent stem cell populations in man and -
mouse (30). Other observations suggest that CFU—g and
CFU-GEMM represent relatively mature pluripotent
progenitors and that the small numbers of truly primitivé
stem cells may produce microscopic spleen colonies produce

colonies smaller than/CFU-GEMM in culture (31).
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The recent development of new culture methods enables
stem cell growth to be maintained in vitro for months and
provides valuable insight into the relationships between
stem cells and their immediate neighboring cells (31).

It is now widely accepted that all the mature blood
cells, and possibly lymphocytes, originate from the same
stem cell. This pluripotent cell has few distinguishing
features and is therefofe difficult to icolate and
characterize, 'Bésed on colony assay techniques,
pluripotent stem cells have the capacity for seif renewal,
in that they are able to give rise to new hematopoietic
progenitors and in so doing, maintain their own population.

Pluripoﬁent stem cells aisq haye the property of
commitment, in that they are able to divide and generate
progenitors, which afe programmed to differentiate toward a
specific lineage.‘ The latter cells are able %0 proliferate
extensively, but this is not assoéiated with self renewal.
These committed progenitors respond to humoral regulators
‘such as erythropoietin and are responsible for maintaining
the~popu1ation of mature cells, ‘ &

A number of~ﬁodels based on mathematical and other
analyses of colony assays, that have been proposed for the
mechanism_df stem cell self-renewal and commitment. These'
models can be classified as stochastic or deterministic.
The stochastic model of Till et al.-prgposed'that |

_ ) { ,

“

the decision of a stem cell to tenew itself or to cenerate

committed progenitors iS'governéd by a prqbabiliéticrrule

14
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_(33). Contrél of the stem cell compartment may be achieved
by changes 'in the distributional parametef, p, the
probability of self-renewal of stem cells. Humoral factors
may exert extrinsic influences on these diS:ribﬁtional
parameters, An-extension of this méc~l sucgested that stem
cell commitment is go?erned by a progressive and stochastic
restriction in the differentiation potential of
hematppoietié stem cells (34). This model is supported by
documentation of oligopotent hematopo}etic progenitors
which reveal terminal differentiation in two or three cell
liheages in varying combinations. Several bipotent
hematopoietic progenitors have been documented in cultures
of murine and human cells such as erythroia-megakaryocyte
progenitors (35), and neutrophil—erythroid progenitors
(36). )

Determ{nistic models are based on external mechanisms
of regulation that instruct stem cells either to undergo
renewal or differentiation. These ﬁodels include the
hematbpoietlc inductive miéroenvironment (HiM) model
suggested by Trenton in which,thefcommitment of multipotent
stem cells to dnilineage progenitoré is determined by the
specific microenvironment_surrognding the cells (37).

Other models postulate-that competition between growth
factors determines the lineage oflcommitment of the stem
cell (38). It is generélly believed, thevér,‘that
erythrépoietin and colony stimu.ating féctor (CSF) act on
committed progenitors later in-differenfiation.(

~
Yet another model suggests that erythropoiesis is an



obligatory step in stem cell differentiation. According to
this hypothesis, differentiation potential is successively
lost until only the erythroid lineage remains (39).
Committed progenitors give rise to differentiated
cells, such as erythrocytes, platelets and
polymorphonuclear granulocytés which have specific

functions but have lost the ability to proliferate.

4) Surface Marker Analysis

Recent advances in immunology have led tb'important
inSights in hematopoietic differentiation and the cellular
origin of leukemia.

There are now available large batteries of'moﬁoclonal
antibodies that identify lineage‘specific cell EEEface
antigens, which in some cases, can be directiy correléted
with‘cell differentiation. It has been demoﬁstrated in a
'numbe: of cell culture systems and in the étudy of normal
bone marrow.cells that differentiation inyolves the
modulétion of cell membrane antigens. Thfs procéss involves
thefselective loss of antigens which are charactefistic of
undifferentiated blasts, and the synthesis,_insertion,
modification, and selective retention of membrane antigens
that are characteristic of the mature cell |
(40,41,42,43,44,45,46).

Ideally,; ‘he applicétion of monoclonal antibod{es to
cell'diffe:entiation studies requires a biochemical

description of the antigenic'determinants identified,

Consequently, most of the energy in this field is now

16
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focussed on analyzing the haptens recognized by these
monoclonal antibodies and in identifying the functions
that they may érovide.

Exhaustive searches:for antigens specific for leukeﬁia
cells usiné monoélonal antibodies have been unsuccessful.
This has been unfortunate in terms of therapeutic
applications of monoclonal antibodies. However; this has
established the belief that phenotypes of most malignant
cglis are not unique but instead reflect the phenotypes of ~
normal cells at some stage of differentiation.

Monoclonal antibodies and antisera to differentiation
antigens have been useful clinicailly in conjﬁnction with
cytochepical staining to distinguish undifferentiated
forms of AML and ALL (47). This is important Sécause their-
6ptima1 therapies are quite different, ‘

In the futdre, monoclonal antibbdies may provide ideal
pfobes for isolating hematopoietic progenitor cell
popula{ions and for identifying surface’strucfureé invoived

in regulatory functions,

@

5) Flow Cytometry and Cell sorting

Up to this point, progress in undetstanding
" hematopoietic differentiation has beenllargely in the»areé
of descriptive biology where the development of Y
Amature blood cells can be characterized by the éequential
appearance of morphologiéal features, specific enzymes,

cell surface antigens, etc. The correlation between these
. ' N &

events, has been much more difficult to measure,



Differentiated tissues consist of a number of cell types
which complicate measu:ements of differentiation markers.
In addition, continuous differentiation means that immature
cell types are often present in a tissue with terminally
differentiated cellé. Ceil sorters that can select cells
_according to‘concurrent\expression of several related
functions has opened the study of hematopoietic
dlfferentlatlon to a new level

Some aspects of dlfferentlatlon that can be probed with
flow cytometry and cell sorting include: nucleic acid-
metabolism, qembrane entigens and receptor sites, structure
" and ultrastructure and int;acellular enzymes, B

The felationship of DNA synthesis and the cell cycle to
differentiation.has.been one area that has been examined
usxng flow cytometry Results havervaried from those
indicating that d1fferent1at10n occurs 1ndependently of the
cell cycle to the view that these processes are closely '
related (48,49,50,51,52). Witﬁfﬁ the erythropoietic
system, the appearance of globin‘specific mRNA has been
correlated with a marked reduction of cycling cells (53).

Messenger RNA metabolism is also amenable to study
using flow cytometry. bifferentiated cells can generally
be dlStlﬂgUIShed from other cells by synthe31s of specific
protelns and are therefore rich in the mRNAs that
code for such proteins. Cells that are not
differentiated along thet same pathway do not contain

detectable amounts of those mRNAs. For examp}e, it has been

¥ il
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established that non-hematopoietic cells contain no more
than 0.01% the amount of mRNA for globin found in-then
reticulocyte (54). |

v» Monoclonal antibodies are ideal probes for membrane
‘antigens in flow cytometry aﬁalysis because of their high-
titer, specificity and homogeneity. The basis for
measurement is an indirect fluorescent anﬁibd&y technique,
Flow.cytometry has been widely used for investigating
membrane antigen changes in erythrdpoietic difﬁerentiation.

. s/ .
As differentiation proceeds, the level of: HLA class I

]
antigéhs on the cell membrane decreases and erythroid;
specific membrane proteins such as g;ycophprin and spectrin

increase (55). ' L

< N
6) - Leukemic Cell Lines and Inducers of Differentiation

:  The study of.léukemias, hematopoietic malignancies that
retain mahy of the featuresbof normal'hemgtopoiesis proQide
anothez. model system.td stuéy differenﬁiation. The |
availability of la:gg; relatively homogeneous populations
of cells that‘are apparéntlyufrozénkat'some point in the
differentiation pfograms is an attractive'tool.

rhe development of continuous cell lines derived from

'leukemié‘c10nes has made it'possible;to"study-hematopoiesis“‘

"in a more highly controlled environment. Their use has

\ _
also removed the restriction inherent in working with fresh
cells with their limited in vitro sdrvival.' Many of these

cell lines are responsive to a variety of exogenous

physiblogicalnand ndn-physiological inducers of

]
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differenﬁiﬁtion. This is important for a number of
reasons. They provide unique models to study the .
differentiation of blast cells to mathre‘blo;d cells. They
mgy provide the opportunity to examine the genetic defécts
respons. >le for the maturation arrest of leukemic cells in
v "o. Finally, results of studies'with leukemic cell lines
may ~rovi-~ a new approach to cancer therapy.

The mos: detailed ahalyses of inducers of leukemic
© .ifere~tiation has been done in the mouse erythroleukemic
cell lin s (MELC). These eell lines were developed from‘
spleen cells of Friend virus ipfected mice., In 1971,
Friend et al. reported that erythroleukemia cells in
culture couid be induced to‘differentiaie into orthochromiq
erythroblasts, 'synthesize alpha and‘beta.glopin mRNA ;nd
hemoglobins of thevtype found in thé}adult DBA mouse (56).
The cells expressed erythrocyte—épecific membrane antigens,
énd'they synthesise carbonic anhydrase and the enzymes
required for héme biosynthesis. These changes were in
response tqiexposu;e to 2% diﬁgthylsulphoxidé (DMSOX for
four days.: Eriend'svreport3was the first to clearly
indicaté that a simpie chemical compound could induce .
d%fferenﬁiation of iéukemichellé into terminally
differentiated end stage-biood célls. Since that‘time, a
wide variety of unrelated chemicals have shown variable
abilities to induce erythroid differentiation-ih the MELC
linesA(Sf). Later it was demonstrated that the DMSO |
treated MELC had a decreased level of leukemogenicity when

injected.into DBA/2 mice (56).
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There have been a number of cell lines established from

patients with acu?/elogenous leukemia (AML). These
lines have usuall¥ been composed of poorly differentiated

lymphoblastoid-appearing cells with Epstein Barr virus

"associated antigens and lymphocytic cell markers and

probably arose from EB virus transformation of non
neoplastic lymphocytes present in the original culture .
inoculum.. ‘ ‘; i
Since 1975 several human myeloid or erythroid cell
lines have heen established.>Some‘ofbthe most thoroughly‘ ’
investigated cell lines include: HL60,-KGl, HEL, and K562.
In 1977, Collins and his co-workers established the

human myelogehous cell line HL60 from the peripheral blobd

" of a woman with acute promyelocytic leukemia. 1In

loggrithmically growing cultures, most of these cells
appéar to be arrested at the promyelocyte stage of
differentiéﬁion. They are strongly pdsithe with
cytochemical‘stains specific for granulocytic cells

including myeioperoxidase, ASD-chloracetate esterase, and

Sudan Black B (58). HL6C can be induced by DMSO (59). and.

retinoic acid (60) to'undergo terminal differentiation to
mature functional‘grahulocytes, and by axéhorbol ester,
phorbol'myriState acetate to beéome maé;ophages (61,62).

| The KG-1 cell line was established in 1978 from>the
bone marrow of a man with erythréleukémia. ‘During
logarithmic growth, most of the cells are éé the stége of

myeloblast or promyelocyte and so are slightly less

21



differentiated that HL60 cells. Most of fhe cells are
strongly positive for‘ASD—chloraceEate'psterase but only 1-
2% are myeloperoxidase poéitive. KG-1 is the only human
myeloid cell line that remains responsive to.colony ‘
-stimulating facfoé (CSF) (63). KG-1 cells are relatively
unrespohsi&e to retinoic acid or DMéO: there areNno
morpholdgical changes'in the treated cells but there is
increased reactivity with monoclonal ahtibodies Qiﬁh
myelomonoéytic specifiéities (41). Like HL60, KG;l can be
induced with phorbél esters and.teleocidins, to become
macrophage like (64).
HEL, a human erfthroleukemia 1iﬁé, was derived frqm the
peripheral blood of a_patieng with Hodgkins disease who
,later developed erythrdleukémia.v Thé cytochemical profild
of the these erythrbblastic cglls are consistaht withv
erythroleukemia: positive for éetiodic acid schiff (PAS),
acid phosbhataée and butyrase'gﬁainsﬂand negative for
granﬁlocyté-specific staihs.' HEL cells can be stimulated
by hemin to produce hemoglobin Barts (Hb gamma 4) and trace
amounts of other embryonic hemoglobin species (65). It
has recently been shown that ﬁEL cells respbnd to phorbol
esters in a similar way to HL60 and EGl to become
macrophage like (66) and that DMSO may induce
megakaryocytic differentiation (personal communication with
J. Breton-Gorius).
K562 is a cell line established in 19%0 from cells in

‘the pleural fluid o£~a'woman with terminal chronic

_ myeldgenous leukemia (CML) in_blaét crisis (67). °~ Although
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it was originally believed to be a granuiocytic line, aﬁd
later to be an erythrdleukemia liné, the evidence now
suggests that K562/isva pluripotehtial stem cell line.
K562 is the subject of this investigation and its
properties will be described in détail iﬁ the following
chapter. )

| The tgmour-promoting phorbol diesters, including 12-0-
tetradecanoyl-phorbol-13 acetaté (TPA) and ﬁg;phorbol 1%3—
myristate l3x-acetate (PMA), }nduée human AML cell lines
blocked at the myeloblast - prqmyelocyte stage of
differentiation, HL60 and KGl, and erythroblasts, HEL,
to.differentiate to macrophage-like cells. ‘TPA or PMA-
treated cells become‘adherent,,deyelop pseudopods, display
macrophage like characteristics by ligh£ microscopy, \
phagocytize yeast, redbce nitroblue tetrqgolium salts and
kill bacteria; Lysozyme secretion and the activities of
beta glucurbnidase and acid ?hosphatase increase 2 - 20
fold ddring macrophageldifferentiétion. The phorbol
diesters probablf trigdger differentiation throﬁgh an -~
interaction with high affinity phdrbol diester receptors on
the cell membrane. However,'the expression of these
‘receptors does nothasSure,responsi#eness to the compouhd
(68). | A

DMSO is a polar planar drug widely dsed as a

'cryopreservafive. The mechanism of 'its actién as an
inducer of erythroid and granulocytic differentiation is"

unclear, but studies on the Priend erythroleukemia cells

/
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have shown that DMSO has a profodnd influence on th;
~fluidity of the plasma membrane. It is freely permeable
throughout the cell and it has a free electron pair which
could inéeract directly with hydrogen bonds within the
- chromatin (69). |
Vitamin A, its metabblitesjand anéloéues (retinoids), N
may participate in normal hematopoigsis. In the'l926's,
invéstigators reported that expériﬁental animals developed
marrow hypoplasia'ﬁhen their diet was deficient in vitamin
A.- Anemia is also produced in humans who are deficient in
vitamin A (70). Retinoids appear to enhance hematopoietic
proliferation by increasing the responsiveneds of the stem
cells to the action of CSF (71) and erythropoietin (72).
It has beén suggested théé nepinoids may‘élter the number
or affinity of receptors on the cell membrane to these
growth factors (69). i
HL60 célls can\be triggered to differentiate along the
granulocytic line by retinoic acid. The mechanism of induction
pf‘differentiatipn is'nqt clear, but the recent‘discovery
of ‘a specific retinoic acid binding protein c(RABP) in
various tisspes ﬁas led to the hypoﬁhesis that‘thé
biological effect'of retinoic acid.may be mediated through
this receptor (69). However, investigations havé been

0

inconclusive about the presence of these receptorspon HL60

-
I'd

(73).
The effect of interferons on leukemic and normal
myeloid differentiation is not clear yet. Studies have

shown that alpha and beta interferons enhance the
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)
differentiation of HL60 cells triggered by TPA or retinoic
acid, but are ineffective when used alone (74). Interferon
has been shown to increase hemoglobin synthesis in K562
(75) and haergecently been shown to induce nonocytic
differentiation in U937, e human'histiocytic lymphoma
derived ceil line (74,76). .Interferon has also been shown
to block or promote DMSO stimulated hemogiobin production

I
in Friend erythroleukemia cells (77,78). In human \

system;, the delay_of maturation of monocytes into /
macrophages by interferon (79), and enhancement oprekeweed .
mitogen induced B’ cell differentiation at low. | -
concentrations and inhibition at high concentrationsﬂdf‘
intééferon have also been reported (80). 'ﬁhe meenenisne of-bf‘
interferon induced differentiation and the eﬁhancihg
effects of interferon on other inducing agenfe are-nnciear..
The add1t10n of hemin to Friend erythroleukemla cells
1n1t1ates an erythr01d development program, w1th o |

AV

accumulation_of globin mRNA and hemoglob;n. Hemin hes’a;eo
been shown to trigger-hemoglobin productidn and ineteaee.-‘ .
the expression"of glycophorin in K562, itgis belieVed theé
hemin affects the activity of protein:initiaEion-facto;s
and mey control the efficiency of ﬁranslepion of glonin;
mMRNA. Hemin may also have'q direct effeet on the t
transcription or stabilization of globin mRNA . Hemin hae
been shown to haveé a-concentration dependent ab111ty to
reduce. DNA synthesis and inhibit the proliferative capac1ty '

A

of erythroid cells (81).
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Sodivm butyrate has been shown to be an effective

differenfiatihg agent in the murine'erythroleukeﬁia system
and in K562, The treated celis uﬁdérgo ﬁbrphological and
functional changes consistant with'érythroid
aifférenﬁiation. ?Sodiumwbutyrate haé‘éléo'recentiy been
'shown to decrease in‘vitro tumorigenicity, elevate alkaline
phoéphatase activity and increase chorioembryonic antigen
(CERA) contenﬁ invhumaﬁ rectal And colonic tgmor cell lines,
The amount of CEA synthesised by tumours is believed to be
direcﬁiy'COrrélated.yith.the degree of differentiatioh in
the cancer cells (82).

Sodium butyrate hag been shown to have many effects on
e et

> -~

other mammalian cells, includingrthe induction of the
biosynthesis.of new proteins (83), modification‘of the‘
relative syﬁthetic rates of‘specific prbteins (84),
ahéﬁentation or"inhibition—of various .enzyme actiyities.
(845, indﬁction of morphoiogicalvchanges_in cultured'cells
(85), and inhibition of protein synthesis and cell

proliferation (86). In addition, sodium butyfate induces

}

massive hYperacetylation of ‘histones in cultured mammalian -

cells (87}88) via inhibition of histone deacetylase (89).

Fad
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B. Differentiatioh Programs in Normal and Leukemic

-

Hematopoiesis

Chronic myelocytic leukemia (CML) is a clonal hemopathy
(21,90). The lesion is believed to be at- the
pluripotential stem cell level because the Philadelphia
chromosome, a marker of this disease (91), is found in
cells of the granulocytic, megakaryocytic and eryfhrocytic
and the lymphocytic lineages (92,21).

The Philadelphia chromosome was described in 1960 by
Nowel® and Hungerford as an abnormally small chromosome in
patients with CML (91). It was iater determined that 80-
90~ »>f patients with typical CML have this defect. This
marker was subsequently determined to be chromosome number
22 which had lost a portion of its long arm. In the
majority of patients, the missing part of chromosome 22 is»
translocated to chromosome 9 (21). |

The evidence that CML is derived from a Single clone
was obtained from the study of glucose-6-phosphate N
dehydrogenase isoenzymes in female heterozygotes with CML.
Granulocytes, erythrocytes, platelets, monocytes and some
lymphocytes display only a single G6PD iéoenzyme in these
patients rather than a mixture of the two isoenzymes »
(21,93).

Blast’transformation occurs in all patients who do not
'die of other causes during the.chronic poase of the
disease. The mature leukemic cells are replaced by hiéhly

undifferentiated blast cells. Transformation is frequently
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accompanied by additional chromosome abnormalities. The
cell biology of transformed chronic granulocytic leukemia
is quite‘variable. In about 30% of cases, the blast cells
are highly undifferentiated and resemble those und in
acute- lymphoblastic leukemia (21). These blasts are
believed to represent early hematopoietic stem cells not
yet committed to either myeloid or lymphoid differentiation
(94). They may express the common acute lymphocytic
leukemia antigen (CALLA), and they may contain cytoplasmic
immunoglobulin or have elevated levels of terminal
deoxynucleotidyi transferase (TdT) which is correlated'with.
acute lymphoblastic leukemia (21). Recent studies of |
lymphoid blast crises of CML, which examined DNA
rearrangementslof immunoglobulin heavy and light chain
genes, have indicated that most cases of lymphoid blast
crisis represent monoclonal esxpansions of cells at the B
cell precursor stage of development (95). Theseopaﬁients'.
frequently respond to vincristine and prednisone therapy
which is effective in inducing ;emission in® ALL.

The remainiﬁg 70% of cases of'traﬂsformed CML involve
myeloid committed stem cells. In most of these cases, the
blast cells show features of granulocytic differentiation,rf.
while in a few cases, the transformed cells are
monoblastic, erythroblastic or megakaryoblastic (47).~

It seems unlikely that acute myelocytic leukemia (AEL)
begins in the same stem cell éompartment as CML because

shifts in AML - ALL patterns are very rare. Consequently



AML is tentatively assigned to the myeloid stem cell
compartment. There is also some sugqgestive evidence that
this disease may originate in a cell vith even more
—_restricted differentiatiqp potential thénAa stem cell (21).
McCulloch believes th;t lineage diagrams based on
\éolony assays provide an éversimplified and inflexible vieﬁ
of hematopoietic diffefentiatioh (92). He theorizes that
the stages between Ehe‘pluripotent ste% cell and a
functional end stage cell may be considered as components
of differentiation programs (92,96). Each component .
‘represents gene activation or inactivation events modified
by epigenetic or environmental influences. Divérsity is
increased at each division because.the two daughter cells
may follow different programs, ' He postulated considerablé
variation in the timing and sgéuence of the érogram
components. Program segments witq similar fréquencies in
timing would identify appareﬁtly discrete stages in.
differentiation. Certain program segments Qbuld havé
characteristics that are compafable with proliferation and
differentiation in cell culture in the presence of
selective conditions. Other ‘program segménts would‘be
recognized by the appearance of macromolecules which would
be considered as differentiation markers with or without
‘lineage specificity. "Normal programs of differentiation
would terminate in functionally effective{celis (92,97).
Determination based on lineége diagrams imply that once
a cell has become commitéed to a specific hematopoietic

pathway, its decendents will follow that pathway -
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- components that belong to normal programs.énd that the

-

faithfully. The concept of lineage fidelity, that cells

'only express markers of one lineage, appears soundly based

in the post deterministic segments of d%fferentiation
programs (92). “

However, there is uncertainty about earlier events in
differehtiatibn;7but it has‘been postulaied by McCulloch
tha£ only macromolecules that lack lineage epecificity such
as HLA-DR would appear ‘on these pluripotential stem cells.’

He has further suggested that the differentiation

programs of blast populations are assembled abnormally from

abnormal assemblage is a consequence of abnormal gene

VRN

expression. Based on the premise that normal

‘ differentiation programs terminate in functional cells, he

hﬁs stated that the programs of blast cells are abnormal
\ . <
because they terminate in nonfunctional cells (92,96).
The other piece of eV1dence that he offers in support

of\ this theory is that of 11neage infidelity (92,96,98,99)

which is the expressxon of markers of different 11neages in

-

the same cell. This would violate the expected finding

}

that commitment to ohe‘lineage excludes the expression'of
markers of other lineages. In‘e recent’stuay of blast
cells from twenty patlents W1th—;cute leukemla, nine
patlents had blast cells showing llneage infidelity (98).
Preliminary results “indicate that these patients are less

responsive to therapy. -Normal marrow, marrow originating

after transplantation, and multiple lineage colonies in

—~——
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culture have been searched extensively and unsuégessfully
for evidence of lineage infidelity.

Many other authors report that lineage fidelity i

maintained in leukemic blast cells (100,101,102); S
lineage fidelity has been used to support models of
leukemia that hypothesize either bloéked differentiation
" or an uncoupling between self :Qpéwal and matukation
(100,102,103). .Therefqée the tgﬁmination ofubjast programs
in non functiohal cells would represent an early
termination of normal programs rather than evideﬁce of
abnormal programs. This appears to be more applicable to
iymphoid rather than to myeloid leukemia.

An alternative model to McCulloch's has been proposed s
By Till (104). He has suggested that’ pluripotential stem
cells: may express a variety of markers, perhaps at very low
levels, speqific for each of the lineages within the stem
églls repetbire for differentiation. This can be
extrapolated perhaps to say that lineage .infidelity is a
normél feature of_early differentiation. Determination and
maturation would be associated with pmélification of | |
;ertaih lineage sbecific features and'repression_of othefs.
A test‘af this hypothesis awaits'the avaiiab}lity of highly
purified preparations of normal pluripotential stem cells

———
to allow investigators to search for markers of multiple-

(

lineages on the same cell.



C. K562 - A Pluribotential Stem Cell Line.

The human»leukemia.cell line, K562, was originally-
established in 1970 in the laboratory of Lozzio and Lozzio
at‘the Univérsity of Tennessee from a pleural effusion of a

woman with CML in blast crisis (67). This cell line
cérries the Philadelphia'ch:ombsome, a marker of CML. .This
was the first permanent cell lined derived Erpm a patient
:'with CML- that retained this marker for 1on§er‘théh‘é few
ﬁonths.

K562 ce11s,are large, highly undifferentiatedfblasts.
Their ¢Ytoplasm ié basophilic, devoid of granules and
contains a few.small vacuoles. The ﬁuclei ére round and
contain one to four prominent nucleoli. Numerous mitotic.
figures and binucleated cells can be seen, The cells grdw'
as a single céll suspension in fluid tissue culture meaia
with a mean doubling time of about twenty hours when grbwn‘
in, RPMI supplemented with 5410% fetal calf. sera, in 5% CO2.

K562 was>originélly believed to be a-myeloid precursor
arrested aE an.early stage of differentiation.v This theory
was based on the tissue of origin, failure'to_find
detectable lymphoid surface markers- (105,106), the presence

of group specific granulocyte antigens (107), and the
pattern of reactivity of anti K562 heteroantisera wgﬁh bone
marrow and leuk;ﬁic cells (108). R -
Further evidence supporting a granulocytic phenotype
include reactivity of K562 with anti MY-i, a monoclonal
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antibody specific for a granulocytic differentiation
ahtigen (99). 1In addition, K562 expresses two related
antigens TGl and TG3, defined by monoclonal antibodies,

which are found only on myeloid cells in normal

hematopoietic tissue. These antigens are lost when K562 is

-cultured with DMSO and sodium butyrate but not with hemin
(109). Pinally,-there have been monoclonal antibodies
raised against K562 that are eble to inhibit myeloid colony
formation (110). Another K562 monoclonal antibody, D5, is
specific for maturing granulocytes beginning with the
‘promyelocyte-stege ‘Myeloblasts are” negative, but the

- antibody cross reacts weakly with very immature erythr01d
and monocytic cells (111).

The majorlty of K562 cells have Fc receptors detected
by sheep EA rosettes or binding of aggregated
immunoglobulin.y Changes were not%g after eulture with
various inuning agents, but these were thought to reflect
non specific membrane effects of the different agents
(112). l.n ,

. Desp%te these myeloid features, K562 has been reported
as.unrespoﬁsive to phorbol esters (69), DMSO (112), and
retinoic acid, and all attempts to induce granulocytic
differentiation by these egents have been unsuccesful.
Surface ahtigens characteristic of macrophages have not as\
yet been detected on these cells.

Purther studies of K562 have provided evidence of
erythroid differentiation. Andersson et al. demonstreted

that K562 expresses glycophorin and spectrin, erythroid

-
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specific membr;ne proteins (113). They later reported that
sodium butyrate, a known inducer of differentiatioh in
Friend erythroleukemia cells, induges K562 to form
~erythrocyte like particles, budding 9off the cytoplasm in a
gimilar way to the formation of platélets (114). No other
énoups have begn able to reproduce éhese obsefvations.

They also detected hemoglobin synthésis after

sodium butyrate indugtion by thé benzidine reaction and
then confirmed by radioimmunoassay (114).

Biocﬁémical pgdof of globin p;otein synthesis by K562
was providgd bY.Ruthe;ford, using hemin as an inducing
agent (115). It was iaﬁer demonstrated that K562bproduces
increased amounés of globin chains after heﬁin exposure'
because of increased production of specific globin
' messenger RNA (116). The pattern of hemoglobin production
'is of the embfyonic type, with the presence of small
amounts. of fetal hemoglobin. Hemin trigge{g}the synthes;s
of alpha chains and a subsequent increment of fetal.
hémoglobin (ﬁl?).- K562 does not synthesise adult
hemoglobins eiﬁhet constitutively, or in responseltb
inducing agents. '

| Hemé synthesis is a pivitol event.during etythrdid
differentiation. ' Sassa demonstrated changes in the
céncentrations and activities of heme biosynthetic eszmes
during bHSO-induced differentiation of Priend |
erythroleukemia cell lines (118)., It was subséquently

shown in K562 that exogenous hemin stimulates an increased
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activity of the enzymes from aminolevulinic acid
dehydretase (ALAD) to ferrochetalase as demonstrated by the
increased incorporation of radioactive aminolévulinic acid
after hemin inductibn. Therefore endogenous intracellular
heme biosynthesis accounts fof at least a fraction of the
heme incorporated into hemoglobin by K562Vf116),

Tenkonow and Hoffman reported a.dramatic change in the
pattern of binding of an antiglycophorin to the membrane of
K562 after hemin inductioh; There appeared to be a'}oss of
a population ofvcells with a low level of reactivity to
glycophorin A entisera, and an accumulation of a greeter
number of cells maximally reactive with antiglyeophorin A
(116). This _s consistaﬁt with differentiation and
maturation of normal humgh erythroid cells where
glycophorins are present at the proerythroblast stage,
before the onset of hemoglobin syhthesis, But their amount
greatly increases during maturation (119). _

K562 lacks ABH, Rhesus, Lewis, Duffy, P, Pl, and Pk
antigens (112), but "i®" antigen activity, a feature
characteristic of fetal erythrocytes, is increased
dramaticaily after hemin ihduction (116). —

K562 has also been shown Eo have ;ome features
cons;stant with ﬁegakeryocytic differentiation; Breton-
Gorius et al., using cytochemical ultrastructural studies,‘
detected a weak piatelet peroxidase activity (PPO); distinct
froﬁﬂgranulocytic peroxidases, in the nuclear enyelope_and
rough endoplasmic retieulum in a Smalllnhmber of cells

(120). By its 1ocatioq, the PPO resembled that of normal



and leukemic promegakaryoblasts. The addition of sodium
.butyrate or dimethyl formamide to K562 cultures increased
the numbers of these cells, but did not modify the’
cytoplasmic maturation. Peroxidase activity is the first
marker of diffefentiaﬁon toward the megakaryocytic line in
normal and leukemic promegakaryoblasts, and is detectable
before any signs of cytoplasmic maturation. They were
unable, however, to detect platelet glycoprotein I in K562
cells, using a monoclonal antibody. Theyvhave'rgcently
shown that K562 can be induced with PMA to express platelet
glycoprotein IIIa and_a glycoprotein common to the lymphéid
lineage and plételets, as Qefinéd by the monoclonal
antibodies C17 and J2 (121). Sodium butyrate also
significant}y increases the binding 6f monoclonal antibody
J2. It is believed that élatelet giycoprotein_I éppears in
the maturation sequence iatér than platelet peroxidase or
platelet glycoprotein IIIa. X

Subsequently, Hoffman et al., using a rabbit antisera
directed against purified platelet glycoprotéins,'found
_evidenqejfor the constitutive exﬁression df platelet
glycéékdteins on theésurface of K562:celis (122). rhe \
glycoprotéihs were téntatively identified as IIa and III L
based on théir migration in SDS gel electropheresis.

McCulloch ét al. were the first group to publish direct
evidence that K562 cells expréss_markérs from two different
lineages simqltaneously. They‘found.that 10-30% of the

cells had spectrin and My-1 on the membrane using a double



labelling immunofluorescett technique (99). K5§2 is the
only human}tematopoietic cell line which exhibits lineage
infidelity. The concept of lineage 1nf1de11ty appears to -
be central in the differing view that McCulloch and Till
have on the nature of'the_pluripotentiai stem cell and its
capacity for differentfétion,

Membrane markers tor T lymphocytes (sheep E rosettes),
and B lymphocytes (surface and cytoplasmic immudEQIObulin
and C’ :eceptorsi are all negative, The majo:\

'histocompatability antigens (HLA-DR, szmicroglobulin, and

HLA-ABC) are not expressed on K562. None of these features

changed after treatment with inducing agents (112° K562
is unusual because it lacks these MHC antigens. ¢ .ss I

and II antigens are normally expressed on stem cells and on
the majority of hemétopoietic cellé. .Ttere is some \
evidence now appearing thet the MHC antigens may not only
be involved in the 1mmune recognltlon system, but also 1n
the dlfferentlatlon programs of the hematopoietic system.
There is seme indication in the literature that some

patients with CML can be treated with agents such as

vitamin A to stimulate terminal differentiation of their

leukemic cells (69). However, there has been little success

in triggering maturation of less differentiated blast
cells. K562 may'p:ovide a suitable.model ﬁor developing
treatment protocols based on inductionAof differentiation
in patients with acute’myeloid leukemias or transformed

chronic myelocytic leukemias.

I
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Chapter III. Materials and Methods.

- This study investigated th~ capacity of the K562 cell
line to differentiate toward the erYthroid, granulocytic,
monocytic and megakaryocytic lineages in responge to
exogenous inddcing agents.
A panel of.iineageéspecific monoclonal antibodies,
‘cytochemistry,’functional assays ;nd cell cycle anal&sis -
. were employed to ﬁeasure the differentiation capacity of h

thése cells.
A;-Cell Culture

1) Cells. N

The§K562 cell line was obtained from Dr. M. Longenecker
(Dept. of Immunology, University of Alberta) in November
1981. Aliquots of the cells were frozen inkliquid nitrogen
at that timé.‘ The identity of the cell line was confirmed
by indirect immunofluorescent staining of giycophorin on
the cell membrane and by a'karyotype analysis showing a

Single Philadelphia chromosome in all the metaphaées

studied.
A

2) Culture Conditions .

'-xgéz cells were grbwn in suépensiéﬁ culture in RPMI
1640 media (GIBCO Laboratories, Grand Island‘Biological'
Company, Grand Island, New York) containing 10% fetal calf

serum (PCS)(FPlow Laboratories - Flow Genefal, Mclean,

Virginia) and supplemented with 0.05 mg/ml of gentamicin
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5% CO

40

(Roussel Canada Inc., Montreal, Quebec). The cells were

maintained at 37°C, in a humidified atmosphere, containing

\

2. The cultures were diluted to low density (0.05 -

0.15 million cells/ml)>three times weekly. Every four to

- i : ..
six weeks aliquots of the cells were frozen in liquid

nitrogen for retrospective analysis, if required, aE a
later date.

Cell numbers and cell volumgldistributions were
determined using.an'automatic cei} counter, equipped with a
channelyzer (Coultef Counter, modél ZBI, Coulter Electronics
Inc., ﬁialeah, Florida).”

Cell viabilities were assessed by trypan blue dye

exclusion.

3) Cloning Procedure

i

The cell culture was diluted to a concentration of 10
cells/ml by serial dilutions. Aliquots (0.1 ml) of this
suspension were distributed in.individual microwells,
Cells that proliferated and gave rise to cellular colonies
after 8 to 14 éays were picked off and subsequently grown
in large amounts of media. Three such clones with
different myeloid and érythroid surfacé marker phenotypes
as measured by .indirect immunofluorescence with monoclonal

antibodies, were again cloned by the previous'technique and

subSéquently studied. These clones were named -K562-4,

——

K562-11, and K562-17.
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4) Fréézing and Thawing K562 Cell Line.

Exponentially growing cells were concentrated by
cent:ifugation to a final volume of 0.5 mls in RPMI 1640
containing 20% fetal calf serum. An equal volume of 20§
.dimethylsulphoxide (DMSO) in RPMI 1640 was added dr&pwise.
The cells were cooled tq -70°C at approximatelf i°C per
minute, and then stored in liquid nitrogen.

The frozen cell vials were thaygakrapidly by immersion
and gehtle agitation in a 37°C waterbath. The contents of
vials were transferred to a iz-ml conical centrifuge
tube\and diluted dropwise with 20% FCS 1in RPMI. Tpe cells
were centrifuged and then resuspended in 5 - 10 m{s of RPMI
1640 supplemented with 20% FCS.

5) Mycoplasma fes:ing

The cell liﬁe was tested for mycoblasma contamination-
in April 1983. All three clones w: 2 found to be infected
at that time. Subsequent investigation revealed that the
‘original culture, obtaiﬁed in 1981, was dontaminated.

K562-4 was treated with Tylocine 250 ug/ml (GIBCO
Laboratories), Ranamycin 1000 ug/mi (GIBCO Laboratories),
Chlortetracyvcline EC1 1G0 ug/ﬁl {GI3CO Laboratories), and
Lincocin 1500 ug/ml SIBCO Labora:orieé%ﬁéf two weeks. The
icsages were determined for eaéh antiblotic as tﬁe highesﬁ
concentration the cells could :“olerate without loss of
viability. After two weeks of culture in standaré media,

the cells were retested for mycoplasma and were found to be

free of contamination. Thtlcells were tested again -wo

o



months, later and were still free of contamination.

v
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B. Induction Protocols

\
The inducing agents used in ‘this study have been well

described in the literature. These agents have been shown
to induce-erythroid, granulocytic, monocytic and
megakaryocytic differentiation in human leukemic cell lines

(Table 1). The optimal concentrations and duration of /)-

1.
S ST 13

treatments_for each inducing aéent (Table 2) waS‘obtéiﬁed
from the literature and by pﬁeliminary experimentation to
find the dosaée that stimulated the largest increment of
membrére antigen changes without compromisiné cell
viability as measured by‘trypan dje exclusion. A
preliminary trial of the effects of each inducing agent oﬁ
the three K562 clones showed no qualitative differences in
the response of thg cells. All subsequent ihvesﬁigafions

were done with the clone designated K562-4.

1) sSodium Butyrate

A 1 M stock solution~of sodium- butyrate (butyrié‘@cid~— «
sodium salt; MW 110.1 gm/éole, Jf Baker Chemical Co.,
Phillipsburgh, NJ) was prepared by adding 0.5505 grams of
sodium butyrate to 5.0 mls of deionized water. This
solution was sterilized by passing it through a Mille# - GV
0.22 um filter unit (Millipore Corp., Bedford, MA). The
stock solutioﬁ was subsequently -diluted with tissue culture
medium to a final concentration of 1.5 mM. Exponentially
growing K562 cells were seeded in duplicaﬁe at 5.0.X lO4
Eells/ml in the prepared media. The cultures were

s

maintained for .four days without replacing the media.
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Duplicate untreated control cultures were prepared and

maintained in parallel with the test cultures.

\
2) Hemin
‘A 4.0 mM stock solution Qf hemin (type III crystalline
equine hemin, MW 652.0 gm/mole, Sigma Chemical Company) was
prepared by diséolving 13.0 mg of hemin in '0.2 mls of 0.5 M
NaOH, then buffered with 0.25 mls of 1 M Tris-HCl pH 8,
diluted td 5.0 mls with deionized water, and then
- sterilized by filtration. The stock solt._ion was
“Subsequently diluted to 2.5 x 10™° M with tissue culture
media; Exponeﬁtially growing K562 cells were seeéed'in
duplicate at 5.0 k ld4 cells/ml in the prepared media. .
~Controls included dupligate untreated cultures and .
duplipate cultures supplementqﬁ with equivalent
concehtrations of NaOH and Tris-HC opuffer. ! The culturés

were maintained for 4 days without replacing the media.

3) Retinoic Acid

A 1 mM stock-solution of rétinoic acid (all trans tybe
XX érystalline retinoic acid MW 300.4 gm/mole, Sigma
Ch?mical Companyifvas prepared by dissolving 0.003 grams: of
retinoic acid into 10.0 mls'of ethanol. The stock solution
was subsequehtly diluted to 1 uM'with tissue culture media.
Controls inciudgd duplicate untreated c@ltures and
..duplicate cultures supplemented wité equivalent
concentrations of ethanol. The'fetinoic acid stock I v

t e

o’.
solution and the un;reated cultures were protected‘“from



light degradation by wrapping:- the étock bottle and cUltﬁre
flasks in aluminqufoil and working,ip subéued lighting‘gé
muéh as possible, Exponentiélly.growing K562 cells were
seeded in duplicate at 5.0 x 104 cells/ml in the prepared
media. The cultures were maintained for four days withouf
replacing the mediat

4)  Dimethylsulphoxide +(DMSO)

A.QU}%ZS M solution of DMSO was prepared by adding
0.625 W1ls of filtered DMSO (1.095 gms/ml, MW 78.13

gms/mole, Pischer Scientific Co., Chemical Manufacturing
Divion, Fairlawn}.New Jersey) to duplicate 50 ml porEions
of tissue culture media. Controls included duplicate
uniggated cultures prepared in parallel with the treatéd
cultures. Exponéntially growing K562 cells were segdea at
5 x 1O4 cells/ml and the cultures were maintainedﬁfor fou;

'days without replacing the media.

/7.
. - 4
5) 4%?— Phorbol I%ALMyristate 13X - Acetate (PMA)

A 1.6 x 107% M solution of PMA was prepared by adding
0.001 grams of PMA (MW 616.8 gms/mole, Sigma Chemical

Company) to 10 mls of DMSO. This solution vwas sterilized

by filtration. The stock solution was subsequently diluted

»

with tissue culture medium to a final concentration of 5 X
10'10 M. Exponeﬁtially growing K562 cells were seeded in
duplicate at 2.5 X 10° cells/ml in the prepared media.
Controls included duplicate untreated cultures and
dupliéate culﬁures treated with the conCentration of DMSO

equivelant to that of the test cultures. The cultures were

45
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o
maintained for 20 - 24 hours.

6) Interferon

Alphalaﬁd cloned gamma interferons were obtained frdm
Dr M. Fellous, Institut Pasteur, Paris and beta inte;feron
was obtained from Dr. C. Tan, University of Calgary.
Duplicate cultures seeded at 2.5 x 105 cells/ml were
maintained‘fér 20 - 24 hours and cultures seeded at 5 x 104
éells/ml were maintained for four days in éulture media
supplemﬁlted with 1000.U/m1 of alpha, beta, or gamma

interferon, without changing the medium.
s .
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Table 2.

Summary of Inducﬁion

Protocols for
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Sodium butyrate

. Hemin
Retinoic acid
DMSO |
PMA
Interferon?

b

Interferon

1.5 x 1073 M
2.5 x 107> M
1.0 x 106 u
1.75 x 1071 M
5.0 x 10710 y
1000 units/ml

1000 units/ml

20 hours 2.5
20 hours 2.5
4 days 5 x

arefers to alpha, beta and gamma interferons

b

refets to alpha and beta interferons

cells/ml
cells/ml
104 cells/ml

104 cells/m1

x 10° cells/ml

x 10° cells/ml.

1

104 cells/ml



C. Membrane Expression of Lineage Specific and Major

Histocompatability Antigens

1) Flow Cytohetry Analfsis.

| Fiow cytometry analeis with an EPICS V.bell sorter
({Coulter Electronics, Hialeah,‘Florida) was used to measurg
the expression of cell surface antigens.‘ Cell cultures
were washed twice with phosphate buffered saline (PBS) with
0.2% bovine serﬁm albumin (Pentex Bovine Albumin530%
solution, Miles Scientific, Naperville, Il.) and werevthen
. resuspended in PBé, 2% FCS, 0.02% sodium azidé solution,
Fifty ul aliqubts containing 1 million cells were mixed
with 50 ul.of diluted monoclonal antibody (McAb) (table 3).
After one hour at 4°C, the cells were washéd three times |
with PBS, 0.2% BSA and then 100 ul of a 1/50 dilution of
fluorescein conjugated P(AB')2 fragment rabbip anti-mouse
149G was added (Capp;I laboratories, Cdchranvflle, PA) The
"cells were incubéted in ﬁhe dark at 4°C for one hour, |
washed as described previously and Ehen.werevresuspended.in
0.5 mls of a 1% w/w formaldéhyde solution (?ormaldehyde
solution, 37% w/w, Pischer Scientific Co.) in.PBS. The
samples were kept at‘4°C in tbe dark until Fhey were .
analyzed by a Coulter EPICS V flow cytometer using a 5 watt
argon laser, .Ten thousand cglls of each sample Qete
analyzed for green fluorescencg gsing the multiple data '
aquisition display system (MDADS). The gates.wefe set,
based‘on 90°light scatter, to inélude both control and test

samples, which mav have éhanged in volume, and to exclude
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Table 3. Characteristics of the Mouse Monoclonal
Antibodies used to Measure the Expression of Lineage
Specific and Major Histocompatability Membrane Antigens in
K562. .

Antibody
Specificity Designation Reference
MHC ANTIGENS
B2 Microglobulin ~ M18, M28 Fellous?
HLA-ABC Monomorphic 81H2, 83H1l, 9H1 123,4,5
HLA-DR Monomorphic 7H3, 2206 , " "
ERYTHROID 'LINEAGE
glycophorin A H85 Mannoni?
B357 salmon?
MYELOID LINEAGE
Early Granulocytic ’ 80H5,82H6,82H1 ‘ 126,7;8,9
Late Granulocytic - _ 80H3, 82H7 -
Monocytic © '82H3. Mannoni?
: S ' MO2 130°
- MEGAKARYOCYTE LINEAGE
Factor VIII R Antigen - , ,131F
~Plt Glycoprotein IIb-IIIa J15 . 132

2unpublished
bCo.ulter Clone

Ccappel



50

& kY
debris and.agglutinated cells. Each test sample with its
matched.control was run consecutively to reduce error due
to drift. Histograms showing the‘number of stained cells,
as a function of the log fluorescence intensity were
recorded. Controls .analyzed included non-induced cells
that were prépared in paréllel with the treatéd cells, and
non-stained cell suspensions to correct for background.
fluorescence. |

The percen;ége of positive cells was obtained from the
integral of cells that were more fluorescent than 95% of
cells in the unstained cell preparations. In cases of weak
fluoresceﬁce,.and where a suitable match region existéd,
the IMHUNO Program (Coulter Electronics, Inc.) was used to
determine the percehtaée,of stained cells. This program
" reduces the high degreé of error inherent in standard °
integration programs wheﬁ the positive andhnégative
immunofluoreséeht curves heajily overlap. IMMUNO is a

/ - .

least squares algofithm which extrapolates underneath the

positives and subtracts out the negatives,

2) HLA Phenotype - Immune Plubrescence.

Immune fluorescence Qas performéd‘aé described earlier
using cells induced Qith sodium butyrate and interferon,
and on untreated cells using human sera containing
monospecific Bpﬁ antibodigs against Al,'Aﬁ, B7 and BlZv
antigens, IThese sera were obtained from mhltibdrous women
and from multiply traAsfused individuals. 'gge

specificities of the antibodies were obtained previously by
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testing withca panel of HLA phenotyped peripheral blood
lymphocytes, The K562 cells were pretreated with 1%
paraformaldehyde (Flsher Sc1ent1f1c Company, Falrlawn, New
Jersey. ). 1n PBS for flve mlautes to reduce non-specific

l
binding of immunoglobulin to the Fc receptors on K562

(106).

3) HLA Phen~ivoe - Cytotoxicity

standard ¢ ‘totoxicity HLA typing u31ng eosin dye
.exclusion as the criteria of cell viability (133) was
performed on K562 induced'with sodium butyrate, }nterferons-
and on untreated cells. HLA - ABC prepared typing trays
eontaining 95 different antisera were obtained from the
Canadian Red Cross Bloed Transfusion Service Reference
Laboratory, Toronto, Canada. The McAb 81H2, 9H1 and 83H1

were used as cytotoxicity controls.



D. Investigation of the Mechanism of HLA Class I MHC

Antigen Induction in K562

-

Immune precipitatioh of MHC antigens and analysis °
HLA class I mRNA from K562 induced with interferons an.
sodium butyrate and on control cells were performed by M.

Fellous and Prederic Rosa, Institut Pasteur, Paris.

1) Analysis of HLA Class I mMRNA in K562

Pollowing 1nduct10n with interferon and/or sodlum
butyrate, messenger RNA specific for HLA protelns was
extracted from K562 cells, subjected to agarose gel
electrophoresis, and then hybridized to pHﬁA [32 P] DNA as

' described previously (134).

2) Immune Precipitation of Class I MHC Antigens

After induction, the cells were"lebelled, washed, and
then lysed as éescribed previously (I35,136). Using the
detergent phase as the antigen source (137),
1mmunoprec1p1tat10n was carried out as described by Ploegh
(138). Immunoprecipitates were resolved and visualized as

described previohsly (135).
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E. Functional Assays

1) Hemoglobin Production o

Qualitative estimation of hemoglobin production in K562
was determined by benZidine perox1de staining (139) af
intact cells in suspension (140). Two hundred cells_wefe
scored after five minutes as positive (blue)yor negative
(yellow) using 40X magnification. The mean scores. of
duplicate preparations were recorded;

Quantitative analysis of hemoglobin production in K562
was cat;ied out by a modification of épectrdpnotometric
method described by Clarke (1415. The non;carcinpgenic
'benzidine derivative 3,3',5,5' tetramethyl-benzidine |
(Sigma Chemical Company, MW 240.4 gm/mole)‘was used instead
of benzidine.ﬁcl. anlicate aliquots of 100,000 K562 cells
_were‘washed with saline, lyzed with 40 ul of deionized
water and frozen at -70°C until analyzed, Hemoglobin
’standards of 30, 100, 200, 300, and 400 ng/ml were prepared
by diluting hemoglobin (human type IV 2X crystallized
hemoglohin, Sigma{Chemical Co. ; in deionized water. Th}s

method was 1inear in the range of 30 ng to 400 ng of

hemoglobin.

2) Nitro BluesTetraiolium (NBT) Reduction.

The NBT test is used to investigate granulocyte and
monocyte function and to measure terminal differentiation
\in granulocytic and mondcytib cell linés. ‘Extept for - |

.chronic granulomatous disease, where the ability of

“ -

neutrophils to chemically reduce NBT is impaired, the NBT
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test isba measure of a cells ability to phagocytose
complexed»NBT, the dye acting as a visable marker in the
process. NBT by itself is‘not reaQily phagocytosed and so
it must be coupled wiih zymosan particles, Candida albican
cells, or latex pérticles;u Alternatively, a stimulant of
phagocytosis, such as endotoxin or phorbol ‘esters, may be
added. | |

.For NBT reduction stgdies, 2 millionhcells-suspenUed in
one ml of RPMI 1640 medium supplemente? with 20% FCS were
 incubated for 20 minutes in the dark, in a 37°C waterbath,
with an equal volume of 0.2% NﬁTn(crystalline, grade III,
MW 817 gm/mole, sigma_Chemicél Company) diééol&ed in PBS
with and without 200 ng of PMA. Preparations of fresh )
gfanulocytes were tested as a cogtrol for the ﬁethod andi
reagents. The perqent 6f cells containing intracellulér
~reduced Blue-black'formazaﬁ‘deposits was detefmined on
Wright-G;emsa_stained Cytospin centrifuge (Shandoh‘SOuthern
Instrument Inc., Séwicklgy, PA) preparations of the “

“incubated cells.
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£. Morphological EZxamination and Cytochemis:

A battery of cytochemical stains routinely used =o

evaluate the lineage of leukemic blasts (2. was used to

measure the response -_. =562 to the induc¢ing agents. The
: : D

5'-nucleotidase stain, which has recently been reported to
be diagnostic in megakaryocytic leukemias (142), was also

included. : .

1) Evaluation of y“ll Moro*ology
One hundred -hdusanc to ﬁ ”?undg&é&thousand cells
RS i

suspended in tlSSUG culture medium \u'er‘> ceﬂt 1fuqed for
five mlgutes at 62 .RPM onto microscope T jés in a
CytOspin centrifuge. Air-dried prepara:;5ns were fixed for
five"minutes’in methyl alcohol and were then stained with
ng—Gfunwald Giemsa stain. The slides were examined with
light microscopy for ﬁo}phological evidence of
differentiaéion, 'such as reduction in éel; size, loss of
nucieoli, condensati.na of nﬁclear chromatin, cytoplasmic

.

granules, and vacuolization.

2) Sudah Black B

»

Sudan. Black B

v

0o

-

s a

[

:éin~thét reacts with a variety of
lipids, including‘deutral fats, phospholipids and,stero;ds.
The dlSt[lbUthﬂ of sudanophilia in ceIls of the bone |
mETrow and bloocﬂln normal and pat noloc*cal states is now

well establ;shed (22 .. Cells of the granulocytic series

(VR

show increasing os 12v W

b
.
<4

'i" th progressive maturity.
"Myeloblasts are negative or weakly.poéi?ive. - Lymphocytes

-

wn
wn
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and their precursors are invariabley negative. Monocytes
and their precursors may sometimes be n rative but
frequently show variable numbers of fine 'or moderately

course granules scattered discretely over the cell with ﬁ;

little tendancy to concentrate in a paranuclear zone 25r 1in
the cytoplasmic ring as in early myelocytes. Individual
platelets are usually negative, as are megakaryocytes“
although the lattervmay rarely show diffuse background

: R x4
staining with very fine sudanophilgg¢ granules scattered

¢

throughout the cytoplasm and_qver.ﬁhe nucleus. All cells

of the erythroid lineage are negative, Results obtained

%,

with this stain correlate well with those of the

myeloperoxidase stain, which has been used for may years as
, _

a specific marker of granules of.cells.of the myeloid
series. Tne advantage, of.sudah black stains over
pef6x1dasé is that there is no interference from the
‘peroxidase activity of hemoglobin and fresh slides are not

required.
= _

Cytospin preparations of- induced and non-induced KEté62
cells were stained by the'metbod described by Miale et .al.’

(143). sSmears of normal bone marrow were used as a control

PRy

for the method. )
R ’ ﬁf“*:ﬁi
x',:r_" R

3) Non Specific Esterase - Alpha Napthyl Acetate ESteg%$é

Lo
N 2

[

The biochemistry of esterases is complex and the A

nomenclature is confusing, but in cytochemistry the &ecm

esterase is generally restricted * éhzymes capable  of

hydrolizing the simpler esters of the N - free alcohols and

e
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wn
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Crcanic esters. Depending on tnhe substrate usec, a numper

¢}
[Ye]

of éifferent reaction patterns can be'identified‘in tne
granulocytic and monocyt:c lineages (22). The distribut:ion
of the enzyme reaction product when alpha - nac..~ ]l acetate
, o

is ugded as a substrate is largely confvnec L0 monocvytes
while the use of naphthyl AS or AS-D acetate gives some
dgg;;e of positivity in most haemic cells, bungith
perticularly strong reactions in monocytes. Strong alpha
nachthyl acetate esterase positivity 1is seen in, the

erythroblasts of Di Gugliélmo's disease but normal

erythroid precursors are negative. The reaction observed

-'in leukemic erythroblasts is sensitive to fluoride

inhibition like that observed in monocytes In lymphocytic

cells, B cells are negative, &ull' cells show ‘some fine
)
granules and T lymphocytes shot strong localized spots of

positivity which are IeSiS‘ ... to fluoride-inhibition.

Megakaryoblasts also show localized or granular pOSitiVity

=~
which 1is moderately sensitive to fluorygﬁ inhibition,

Cytospin preparation of inéuced and non-induced K562

cells were stained by the method described by Yam et al.
(144). Smears of normal bone marrow- were used as a control

. for thf[method.

) .
3) Per10d1”’Ac1d Schiff Stain (PAS)

The'carbohydraté or more particularly the glycogen
content of blood cells can be measured qualitatively by the

the PAS stain. It is now well established that glycogen

plays;an:important-role in the primary function of



d.{ferent tvpes of hemic cells (2Z) The glvcogern parzicle
stores glucose ancé makes it

available on demand. The
presence »f large stores of glycogen 1n cells sucnh as
neutrophils, transformed T lymphocyteéfzn"?HA ruitures and
, Thegt

pfatelets 1s related (0 tneir nighly specialized functions
whlch requires eudden bursts of energy.

The PAS stain has a comolex pattern of reactivity which
often changes markedly in pathological states (22). In
normal hemic cells, the érythroid lineage does not normally

show detectable amounts of glycogen at any stage of

cellular development . mhe mye101d serles is p051t1ve in

,.
)

all identifiable cel}s, with the strength of reaction
correlated with the maturity of the cells. Lymphocytes
have a much lower. glycogen content than granulocyteS}“bnt
PAS positive granules can often be demonstrated in the
cytoplasm., From 10 - 40% of lymphocytes normally show
positivity with one or two rings of perinuclear granules.
More intense staining, with three or more concentric-ringe,
or with heavy clumps of positive material is observed in 1
—>2% of lymphocytes. Monocytes contaln small amounts of
{inely scattered granules. The{§§3 reaction shows diffuse
:d granular positivity in: éggé{aryocytes Platelets are
strongly positive. ‘\,t

Myeloblasts and promyelocytes from mostépatlents with

acute leukemla are PAS negative, whlle 1§§ph’g§§§ts of

2
-2

acute leukemia show very strong PAS pOSlththL;n the form

of concentric rings of course granules, or heavy blocks of

glycogen against.a negatiVe»backgrodhd.r Erythroid
: L . - .
) {

., 9
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precursors from e:-yt: LeT1C myelosis and erythroleukemias
'often'posseSS“concen!xic annular rings of moderately course
PAS positive cytoplasmic granuies in a variable proportion
of ceils. The intensity of the reéction and the percentage
of eiythroblascs‘shoying poéitivity vary considerably in
different paﬁients qnd'also inwthe same patient in the
course of the disease. The strongest ‘reactions are usually
associated with bizarre cytological and mitotic l
abnormalities, but high PAS levels‘may also occur duriné
relatively normal erythropoiesis. Cytospin preparations of
induced-and non-induced K562 cells were stained by the

method described by Hayhoe et al. (145). Smears of normal

bone marrow were used as a control for the method.

4) S5'-Nucleotidase Stain

‘The precise identification of human hegakaryoblasts ie
difficult or even impossible with.light microscopy alone.
No diagnostic reactivicy pattefhs»can be demonstrated
consistently with conventional cytochemistry in neoplastic
meéékaryocyte precursors, although patterns ofVcourse
pe;ipheral PAS positivity, combined with a positive alpha
napthyl acetate esteraee stain, is suggestive of
megakaryoblastic leukemias (225. At the ultrastructural
level, platelet peroxidase activicy hae been detected in
the oerinucleEr space‘and_endoolaSmfc reticulum of normal
meoakaryoblasts (20). Platelet peroxidase is.now ‘
considered to be a specific'@e?keffof'meqakaryoblasts;

However, there have been reports in‘the literature that

B IR -
el
4



" some leukemic megaké;yoblastg\may not show this peroxidase
éctivity (146)(

The function of 5'-nucleotidase is uncertain but a
possible roie for it in purine uptake has beenbsuggested.
It catalyzes the dephosphorylation of 5'-nucleotides to
which the cells Ere generally impérmeable. Cytochenical
demonstratfon of 5'-nucleotidase has been confined mainly
to the plasma membrane of lymphocytes (147). It has also
been repbrted in 1ymphoi& and myeloid blasts using an
immunochemical assay. Hdwever, Eytochemical demonstration
of this enzyme appears to be restricﬁed to leukemic
ﬁegakaryoblaéts. In‘g recent study of bone %arrow smears
from 36 patients with various types of acute leukemias,
only the blast~cells from the patient with acute
mggakaryoblastic-leukemia were positive (142). %he
function of 5'-nucleotidase in megakaryoblasts is unclear
but it may play a role in megakaryocytic maturation,

‘because like plateiet‘peroxidase, it seems to be

synthesised early during mégakaryocytic differentiation.

Cytospin preparations of 'induced and non-induced K562

cells were stainedtby'the method described by)Hayhoe et al.

(126,131). Buffy coat smears from normal donors were used

as a control for the method.

"ﬁgf g
5) Alkaline Phosphatase’ : ;

' Alka11ne phosphatases include a range of isoenzymes
with the general ability to llberate phosphate from

phosphomonoesters at pH levels above 7, These enzymes are
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widely distributed in cells and tissues of the body. 1In
hematopoietic tissues, alkaline phosphatase éctivity is
confined almost exclusively to mature granuloéytes,
starting at the metamyelocyte stage (22).
fReticquendothéiial cells of:the marfd@ usually show strong
.ehzyme activity, but other'marrOH cells including. earlier
granulocyte precursors, erythroblasts, megakaryoblasts;q%nd

almost all monocytes and lymphocytes are negative,

PositiQe rea glons have been observed in erythroblasts in
conditions of érYthroblastécAhypetplasia and
erythrocytosié.

Cytospin preparations of induced and non4iﬁduced K562
‘cells were stained by the method described by Hayhoe et al.

(147). Buffy coat smears from normal donors were used as a

control for the method. - ‘
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G. Quantitative Staining pf-Cellular DNA.- Fldw Cytometrié_
An&lysis

According to the model developed by Hoﬁard and Pelc;
the cell Eycle conéists of four phases desig@ated; GI, S,
G2 and ﬁ (148). A cell enters the Gl phase upon diyision
329 fehains there‘until the onset of DNA synthesis. It is
then considered to be in S phase until it has doubled its

DNA content and entered the G2 phase. The mitotic or M

phase follows and is marked by the condensation of

Y

chromatin into chromosomes and terminates when the cell
"divides into two Gl cells. The DNA distribution typical of
an asynchronous homogeneous celi population is
‘charaété;ised by several distinctive landmarks. _The
largest peak, at hnit_reiati?evDNA content is due to Gl/GO
cells) the smaller peak at twice this DNA content is due to
G2/M phase cells, and the continuum between them is due to
S phase cells. There is some indication in the literature

that there may be a relationship between DNA synthesis and

Vag
s

cell cycle and the development of differentiated. functions
in.hematopoietic cells (53).

Usihg the method described by Crissman (149), two
million induced and control K562 cells were washed, then
resuspended in 1.0 ml of cold saline. The cglls were fixed

-by ?dding's mls of cold ethanol, drquise with gentlé
agitation; t§ the cell'suspensibn. At the time of
‘aﬁalysis, the cells were tréated_wifh 200 ug/ml of
‘ribonuclease (Ribonuclease A frpm bovine pancteas,*SX

crystallized, type‘'l-A, Sigma Chemical Co.) to remove

'k
L2
EXd



double stranded DNA aod 20 ug/ml of propidium iodide fSigma
Chemical Co.) to stain the DNA for twenty miﬁutes . The
cells were analyzed in a Coulter EPICS V flow cytometer
Flfty thousand cells of each sample were analyzed for red
fluorescence using the Multiple Data Aquisition Display
System (MDADS). Histograms showing the oumber of stained
cells against DNA content were recorded. Th percentage of
cells in the G0/Gl, .S, and G2/M phases of t:Z cell cycle
was determlned using the INTEGRAL program (Coulter
Electronics Inc.). 1Integrals were obtained from the
channel that contained the maximum number of cells in GO/Gl
and G2 phases, |
| A sample of cells from fog@ seperate experiments for
each induction protocol were analyzed to determine the
effects of the inducers on the distribution of K562 cells
in the cell cycle. .
.~Simu1taneous analysis of‘DﬁA distribution and .
expressioo of iineage'specific antigens was done to ...
determine if there is a relationshio between a cell's
>phenotype»ano its stage in the cell'cycle. Two millien

cells were incubated with a particular monoclonal antibody

and then stained with an FITC conjugated secondary antibody-

as described previously in this report.. The cells were
then“resuspended in 1 ml of saline and‘fixed with 5 mls of
70% ethenol; At the time of analysis the cells were rreared
with ribonuclease 2 d'stained-cith oropidium iodide as

described'above. A minimum of 50,000 cells were analyzed
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for red and green fluorescence using the MDADS. Contour/

diagrams shbwing the number of cells expressing the

membrane antigen on the Y axis and the DNA content on the X

axis were recorded.
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CHAPTER IV.. RESULTS ' ,, N
N

A. SODIUM BUTYRATE

Sodium butyrate triggered profound chapges in the
morphology, expression of membrane antigens (Table 4) and
cytochemistry of K562 cells. .

Sodium butyrate at a concéntration 1.5 mM is querately
inhibitory to.cell growth (Figure 1), but it does not
significéntly affegt cell yiability as measured by trypan
blue dye exclgsion.-wﬁ |

The induced cells were smaller than the control cells,
_they had increased vacuolization, decreased
nuclear/cytoplasﬁ ratio and a marked  increase of the cell
‘membrane perimeter accompanied by. the development of

4 ' w

pseudobods; The Golgi appa;aﬁus réﬁresented by a clear

P
o

area adjacent to Ehe nucleus became very promineﬁt.

The production of hemoglobin was slightly increased
aftér induction; Control cells contained 0.17 +/- a SE of
0.012 pcg of hemoglobiﬁ per'cell compared to 0.31 +/— 0.013
pcg of hemoglobin per induced cell after four days of
exposure to sodium butyrate.

The mem é expreséion of glycophorin,-defined by the
binding of nocional antibody H85, was increased (Figure
§2)‘after 8 hours exposure to sodium butyrate. However,
the epitopg which binds B357, also a glycophorin sgecific
monoclonal aqtibody,was unaffected by sodium butyrate. 4

(Table '4).
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Sodium butyrate triggered the synthesis of class I MHC
antigens in K562 (Figure 3). This was confirmed by
immuneprecipitation (PLATE I) and identification of
specific messenger RNA (MRNA) (PLATE TI). This response was
seen within 24 hours of continuéus e:posure to sodium
bthrate. HLA-DR antigens were not synthesised:

Exposure 3% normal human peripheral lymphocgytes to 1.5
mM sodium butyréte for two’days decreased the expression of

MHC c¢lass I antigens on.the cell membrane (Fiqure 4).  1Ir

“ConErast, 1000 U/ml of alpha or beta interferon increased

the expression of MHC. class I antigens on the membrane of
lymphocytes (Figure 4).
After exposure to sodium butyrate there was a harked

reduction in the number of cells which bind 80HS (Figure

5), $386 and 82H1 (Table 4), mbnoclonallantibodies which

d gjpyjanfigens th3F arﬁ egpressed early in granulocyte

rentiation. These changes were first observed after

thrée,days treatment with sodium butyrate, with the largest

increment observed éfter four days. No changesg wete

obse:ved in the expression of'monocyte or megakar?ocygew

antigens (Table_4). T; _ S
After induction, 15% of the cells showed evidence of

alkaline phosphatase.ﬁctivity (PLATE IfI)Z and 95% of the

cells contained.sudanophilic granules (PLATE IV). The

control ce.ls were negative for both stains. In addition,

there was ¢ marked increase of cytoplasmic glycogen after

" induction (PLATE V). | ;

Analyéié of DNA distributic -evealed no significant




(x\i}fferences between the control and induced cells after
four days of treatment. Flfty flve percent +/— a SE of
3.37 e}kthe untreated cells were Ln Gl/G0, 28% +/— 3.79
were in S and 17% +/- 2.67 were inyGZ/M. Sodium butyrate
treated cells were distributed 49.6% +/- 1.85 in G1/G0,

—

29.8% +/- 3.38 in S and 20.6% +/- 3.39 in G2/M.
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'Figure I. Growth Kinetics® of K562 Cells Treated with Various
Inducers of Differentiatioarf
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Table 4., Membrane
Major Histocompatab
Lnddbexun witn S'DC';LITE

Membrane Antigensg

—— i ——— . ——— o —— —— g,

MHC ANTIGENS

B2 Microglobulin -

o
3

HLA - ABC Monomordhic &%~ Z275.75)

HLA - DR Monomorphic® ™~ 4+ ' 7. 7 N I

. ::J K
ERYTHROID LINEAGE L e .
. : ) o PO
Gly&ophorin A HB5.© .55 % 6.14 .y |
B357 75 €6.78 o

SN

MYELOID LINEAGE o L e

i+
2]
~
1
7
o

i

Early Granulocytic 80HS 79 3055 . 1 37P14 .62

t

‘8286 47 7.26 T g9be3i3p
826l  17% 3.07 " ~ 1Px0.69
Late Granulocytic ‘n 0 D

vMonocytic MO2 -~ fU S T -0

MEGAKARYOGYTLE‘LINEAGE-“;fﬁﬂ‘;ﬂfp;? . T :
By " ’ s

rVaThe percentage of- p051t1ve cells was deter' 3 b§' .
flow cytometry ana1y31s Values represent 2 me%?i:sE of -
five separate experlments s N 4 oo

Prhe digierences between the means of “induced and“®-
non-indaced (control) cells are significant at .
.the .05 level for Student's t test for pairéd d@&@}'

-
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Figure"Z Reac 1v1ty of Monoc‘onal Antlbody HB8S5, anti ;Q
Glycophorin, with K562 Cells Induced withi1.5 mM sodigm’
Butyrate for 4“Days : S 5 e V»Q
} «5 . o o
, 4§,
' 2
1
_ ) o ) e,
CELL ’ _ b
NUMBER N ST
, . Ty %
s . l:g% Eo
St - - Control ——
B T W 4 Sodlum butyratema____
‘;':\. ‘,." .. 9 .
LOG FLUORESCENCE INTENSITY .

.. Figure 3. Reactivity of Monoclonal Antibody 81H2, anti
v+ HLA-ABC with K562 Cells Induced with 1.5 mM Sodium
\ Butyrate for 4 Dpays.
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PLATE 1, SDS PAGE TMMUNEPRECIPITA'”TQN OF K562 CELLS5 INDUCED
WITH SODIUM BUTYRATE AND INTERF"RONS

S
Do il .

K562 induced with sodlum butyrate or 1nterferon
sgnthe51ses .class I MHC antigens which can be demonstrated
. by membrane fluorescence (Figures 3,6) and by immune

4

prec1p1tat10n of cytoplasmlc and membrane‘antlgens : ;} =

,hﬁ? Untmeated K562 Cells, B. SOdlum Butyrate treated K562

E K4 Gamma ‘Interferon treated K562 Cells, D. K562 °

”bseated with Sodium Butyrate and Gamma Interferon,

E Cont;ol - B Cell L1ne Ra%gs expre551ng ‘MHC antigens.
A7

. \__,.\ . O

@

Thls work was performed by Dr. FeIlous, Inst1th Pasteur
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PLATE II. EFFECT OF *NTERFERONS AND SODIUM BUTYRATE ON
HLA - ABC mRNA IN.K562 CELLS? e b

The increase of class I MHC antigena which can be
detected ®n the cell membrane (Figure 3 and Figure 6) and
in the cytoplasm (Plate 1I) of K562 induced with sodium

butyrate and/or interferon can be attrlbuted to an 1ncrease
1n class I MHC mRNA,

RNAs were extracted and analyzed with an HLA - ABC cDNA

-probe as described in Materials.and Methods. A. K562 A
treated with Sodium Butyrate and‘Gamma Interferon, B. K562,

treated with Sodium. Butyrate,: 'K562-treated with Gamma
Interferon, D. Untreated K562, E. Hntreated control
culture Ramos, F. Ramos treated W1th¥§§mma Interferon

aThxs w k was done by Dr. Marc Fe&Lous,_Instltut Pasteur
o

. .~ . \)

e e
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PLATE III. K562 CELLS SHOWING ALKALINE PHOSPHATASE
ACTIVITY AFTER INDUCTION WITH SODIUM BUTYRATE

A) 40X Magnification of K562 Cells Inducéd'with 1.5 mM-
Sodium Butyrate for 4 Days Showing Occasional Alkaline
Phosphatase Positive Cells, Contrgl Cells are Completely
Negative, C Sioe o, R

v

L

R

B) 160X Magnification of a K562 Cell Showiﬁg Weak Alkaline
Phosphatase Activity. This Culture was Induced"with 1.5 mM
Sodium Butyrate.for 4 Days. ] y : L

€
- v
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PLATE IV. SUDAN BLACK B STAINING OF K562 CELLS INDUCED
WITH SODIUM BUTYRATE

o
) £
Fos
A) 100x Magnlflcatlon of Untreated K562 Cells stained
with Sudan Black B . ) o .
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- ¢
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©B) 00X Magn1f1¢at1on of Sodlum Buﬁyrate ‘Induced K562
</;. Cefls show;nq,P051b1ve Sudan Black B Staining. The s .
e HCﬁlture was’ Treated Wlth“l 5 mM Sodxum Butyrate for’ @;bays el
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PLATE V. PERIODIC ACID SCHIFF STAINING OF K562 CELLS
JINDUCED WITH SODIUM BUTYRATE

Ty

i 0
3, o s 3 N ,
LT \ L . I .o oo . '
. B¥ 100X ‘Magnification of K562 Cells Induced for_ 4 Days
.. With 1.5 mM Sodium Butyrate nowing Marked Increase
o of BAS Stained ‘Gl‘.ycgqéri.-'v - L . -
# \‘ 0 . ‘ s ;i 3, ’ o
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personal communication). 2

- typing failed. No positive-reéctiods wére obtained with

B. ~ INTERFERON

PR
/‘ T

To further 1nvestlgate the dlscovery that sodlum
butyrate could stimulate the synthesis of class I MHC
antigens by K562 cells, the cells‘were treated w;ﬁh alpha,
beta, and gamma interferons. Ail three types of interferon
were able to stimulate the synthesis of HLA - ABC antigens
andBZ microglobulin in K562 (Figure 6, PLATES I, IT).

This response could be seen within 15 hours of exposure of
the cells tq the 1nterferons |

The increase of class I MHC antlgens*ﬁﬁlch can be
detected on the cell memprene (Figures 3 and 6) and in the

cytoplasm (Plate I) of K562 cells induced with sodium

butyrate and/or 1nterferon can be attrlbuted to a specific

.increase in class I MHC mRNA (PLATE II). . " \

When K5§2 was doubly 1nQuqed with sodium butyfate and
interferon;ﬁthere'appeare&jto be an additive fesponse
seen’ in the production of MHC Class I mRNA and in the it

il KJ

concentration of cytoplasmfc antigen, but which could not

~be detected on the cell membrane {(data th shown). These .

v-reéults were particularly striking for gamma interferon.

TheAFffect of sodlum butyrate on the production of MHC
. I ;ﬁ
class I antlgens was not- 1nh1b1tted by adding.to the

culture media an antibody to interferen (M. Fellous, .
. Attempts to define the’ HLA phenotype of K562 induced by

interferons or sodlum-butyrate,'bybstandard cthtoxicity .

e
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congalned 0.34 +/- a SE of 0. 015 pcg of X

Ny

)

any of the entisera. In addition, the lymphocytOX1c McAbs

w
81H2, 83H1 and M18, which bind to K562 after sodium
butyrate and interferon inductions were unable to kill the
K562 cells (data not shown). However, when induced K562
cells were tested by inmunefluorescence with a limited
panel of human sera containing monospecific:HLA ancibodies,
there were weak positive reactions.observed>wfth anti A2
and}anti B1l2 (datc‘not shown).

The interferons were slightly inhibitory to the growth
of K562 (Figure 1), but they dld not significantly affect
the viability of the cells as measured by trypan blue:dye
exclusion. There-were no changes in the morphology of the

treated cells other than a.slight decrease in celi volume.

Other than the changes described in the expression of

class I antigens, alpha and beta interferon did not change
the expression of any lineage sbecific membrane antigens

'dnring 4 days of treatment,. HLA-DR antigens weze not

synthesised. ' ‘ ‘ . .
There was no change in hemoglobin pfoduction by K562

after 24 hours exposure 'to alpha or beta interferon, out

after 4 days treatment, an enhancement of hemogloblnlzatlon
. : _wd'

was observed. fCultures treated with bet

~}1ob1n per cell
AN "
compared to 0 18 +/- 0 012 pcg per cell in the control

cultures. Alpha 1nterferon géﬁ a 51m11ar effect on

hemoglob1n production thﬂ‘treated samples having. a mean

concentration of 0.32 +/-0.014 pcg of he@pglobin per cell.

Bécause of extremely limitedfqpantitieSfof gamma -

EEN
(>



.nterferon, its effects on hemoglobin produétion and the
expression of lineage specific membrane antigens wére not
determined. |

K562 cells t;ggted with alpha or beﬁé interferon
é%gined the-same;%s untreated cells with all the

cytochemical stains,
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CELL
NUMBER

Control —

Interferon ...

LOG FLUORESCENCE INTENSITY

‘TFigureIG. Reactivity of Monoclonal Antibody 83H1y‘agtf
:HLA-ABC, with K562 Cells Treated with Beta Interferon
‘for 24 Hours. ' - S

,&%quivelant results were'observed with alpha interferoh,

gamma interferon produced a slightly larger increment.

;- /
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C. Hemin

The exposure of K562 cells to hemin triggered
significant changes in the phenotype of this cell line. As

seen with sodium butyrate and interferon. " uM hemin was

inhibitory to the cell proliferation (F but was
not -cytotoxic as measured by trypan blu. .clusion.

The morphology of the induced cells resembled that of

prénormoblasts with prominent nucleoli and a thin rim _of
i o » 4

deé%ly basophilic cytoplasm énd'inaﬁced cells ﬁad a méfe
roued ana unifqrm'appeafance'than cqhtrolAeells. The
induced cells were slightly smaller than than the
noeinduced ce;ls except for a minor pqpulabion of enlarged

hemin

Jcontained a ﬁean_ef 1;82-+/— A SE of 0.125 pcg of
hemoglobin per cell compared’to‘the control cells which
contained 0.17 +/~ 0.01 pcg of hemoglobin per cell: During
four® days of treatment, the benzidine staining of/the celle
reflected this response with a progressive increese of

staining intensity and an increasing proportion of positive
. - . .Q"\

staiﬁed cells.. .
The induced cells femained negatfx ith S@da;ABlack B
staih, elkaline pho;phaease add 5'-nucleotidase,\and}as
expected, were unable to reéhce‘NBT The 1nten51ty of PAS Q

EE

staining of the cells was markedly reduced after 1nduct10n

" - ~

. ’g{“i N ‘. - A A‘. . . - . . .4\-
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with hemin (PLATE VI).

There were SLgnlflcant changes in the expre551on of
membrane antigens (Table 5). Within six hours, the
expression of ear}y myeloid markers represented by.
reactivity with 80HS5 and 82H6’(Figure 7) began to increase.
Membrane glycophorln was 1n1t1a11y repressed and then. began
to 1ncrease after 24 hours ‘of hemln exposure, reachlng a
max;mum by 72 hours “(Figure 8). Monocyte_markers remained
nnchanged and the eellevremained negative for Mﬁc and
~megakaryocyte antigena.(Table 5).

Inductionlwitpjhemin resitlted in a significant .nge
in the number oﬁf@glls‘in'the G2/M phases of the cell
cycle. After f§d£ daYs,\@7.2%.+/— a SE of 2.38 of COnggo;_
celis were in Gl/GOr'38.5% +/- 2.26 in S; and 14. 25% +/L
0. 96'were in GZ/M Indyced cells ‘were distributed 43% +/~

1. 87 in G1/GO0, 32 75% +/—-0 89 in S and 24.2% %+/- 2 02 in

G2/M.



" Table 5. Membrane Expressioﬁ of Lineage Specific and
Major Histocomp~*ability Antigens on K562 Cells after
Induction with Hemin' !

Control Hemin
MHC ANTIGENS McAb
B2 Microglobulin \ 12 0.44 1%.0.28
HLA - ABC Monomorphic 22 0.63 2 0.758
- HLA - DR Monomorphic 0 : 0
ERYTHROID LINEAGE
Gf}cophbrin A " Hss 65%4.91 | 86%+ 24 2
) o B357 71% 7.27 | 83P+5.39
MYELOID LINEAGE
| Early Granulocytic..80H5 65 4.13 86% 2:88
8286  41% 7;87 72%:8 .15
82H1 23%2.56 42P24 .12
Late Granulocytic 2 0 ‘ 0
Monocytic . MO2 0 c
| 82H3 70* 5.70  75% 6,04

MEGAKARYOCYTIC LINEAGE .0 , 0

aThe percentage of positive cells was determined Sy
flow cytometry analysis. Values represent the mean * SE of
- five separate experiments. ' :

bThe differences between the means of induced anéd non-
induced (control) cells-are significant at the .05 level
for Students t test for paired data.
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CELL
NUMBER

LOG PLUORESCENCE INTENSITY

Pigure 7. Réactivity of Monoclonal Antibody 82H6, anti-

Granulocyte,, K with K562 Cells Induced with 25 uM Hemin for
4 Days.

CELL -
~ NUMBER

Hemin —_—
Control S—

"LOG FLUORESCENCE INTENSITY .

Figure 8. ReactiGity of Monoclonal Antibody H85, anti-
Glycophorin, with K562 Cells Induced with 25 uM Hemin for
4 Days. ) o : '
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PLATE VI. PERIODIC ACID SCHIPF STAINING OP K562 CELLS
INDUCED WITH HEMIN

\

A) 100X Magnification of Untreated K562 Stained with PAS

5

B) 100X Magnification of K562 Cells Induced with 25 uM

Hemin for 4 Days Showing a Marked Decrease of PAS Stained
Material ' '

6]



D. Retinoic Acid.

Retinoic acid a’so triggered changes in the. membrane

~

expression of several lineage-specific antigens (Table 6)

and in theé production of hemoglobin by K562.

The>erythgoid features -of the cell line, as measured by
the membraﬁe ;xpressiqn of glycophorin.(Figure é) and
deduction of hemoﬁlobih, were inhibited by retinoic acid,
a knoﬁn inducer of granulocytic differentiétion in other
cell lines (60). The cell hemoglobin content decreased
from a mean of 0.17‘+/- é SE of 0.013 pcg/cell to a mean
of 0.07 #/— 0.dO9 pcg/ceil after exposure to 1.0 uM
retinoic acid for four da?s.

Antigens épecific for;early4graﬁulocyte differentiation

decreased (Figure 10) but there was no chaﬂge in the
expression of the antigens 82H7 and 80H3, (Table 6) which
aregexpressed later in granulocytic dif%e;entiation, or in
the monocvte antigéns; and the cells were unable to»feduce .
NBT. The changes observed in glycophorin were first noted
after 48 hours and reached a maximum after §6 houts,
changes in 80H5 and 82H6 were not seen until 72 hours of
. exposure to ;étinoic acid.’ |
There wefe no changes observéd in thre cytochemical

profile,’including those étains which are specific for
granulocytic or monocytic diffentiation.

‘Retinoic acié; 1iké sodium butyrate, hemin-aﬁé
interferon did not induce expreésidn of hegakaryoqyte

antigens.
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The morphology of the cellé was unchanged after
induction except for a sligﬁt deérease‘in'cell volume,
‘Retinoic acid was slightly inhibitory to cell proliferation
(Figure 1). | |
‘! No éignifibant changes in the=distributioﬁ of ce.ls in
the celi cycle were noted after induction with retincic
‘acid. After four days, 51.8% +/- a SE of 2.27 . of the
control cells were in Gl1/GO, 31.7% +/- 1.16 wefe in S and
16.5% +/- 0.82‘weré in.GZ/M. Induced cells were
distributed 48.4% +/- 1.08 in G1/GO, 33.8% +/- 2.11 in S

and 17.9 +/- 1.78 in G2/M. .
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Table 6. Membrane Expression of Lineage Specific and

Major Histocompatability Antigens on K562 Cells after

Induction with Retinoic Acid

B o T R e e B e o T R b b B b Bl i

Percentage ¢~
-t

Positive Cells?

—— — ——— T — ———— = o T ——— — ——————

s — — - — A - o e s Ty ————— — T h D N — A D A — —— — . o G — o ——— i — A - —w—— - —- -

MHC ANTIGENS® - McAb

B2 Microglobulin

HLA - ABC Monomorphic

HLA - DR Monaomorphic

ERYTHROID LINEAGE

Glycophorin A

MYELOID LINEAGE

Early Granulocytic

Late Granulocytic

Monocytic

MEGARARYOCYTIC LINEAGE

H85

B357

80H5

82H6

82H1

MO2
82H3

¥1.25

2% 1.15

68 3.43

64%3.62

85 4.82
592 6.51
10% 2.48
-

0

701 3.06

1* 0.66

2x1.25

590+ 3 14
40P+ 4 56

68P+2.21
29P+ 3,93
1b£0.44
.

0
65% 2.69

arhe percentage of positive cells was determlned by

flow cytometry analysis.
of five separate experiments.

b

Values represent the mean * SE

The differences between the means of induced and non-

induced (control) cells are significant at the .05 level
for Student's .t test for paired data.:
. e 4 o

3
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CELL
NUMBAER

Control —
Retinoic acid

ASE—

_‘t?* v

Figure 9. React1v1ty of Monoclonal Antibody B357, antl-
Glycophorin, Wlth K562 Cells Induced with 1.0 uM Ret1n01c.
Acid for 4 Days

LOG FLUORESCENCE"INTENSITY

s
Control — .
Ret1n01c acid o
CELL
NUMBER

LOG FLUORESCENCE INTENSITY

Figure 10. .. React1V1ty of Monoclonal Antlbody 80HS, antl—;g
Granulocyte, with K562 Cells Induced with 1 uM Retinoic
Acid for 4 Days



E. Dimethyl Sulphoxide

4
/

.DMSO triggered some changes in K562 which may be
related to megakaryocytic differentiation.

, Membrane. marker analysis demonstrated the ioSs of early
granulocytic aetlgensﬂﬂglgure ll) and the loss of
glycophorin A (Figure 12), althoudh thls was only cbserved
wrth the monoclonal antibody B357 and not H85 (Tabl~ 7).
There were no changes ie thevexpression of{monocyte and MHC
antigens on the eell'hembrahe (Table 7). y

ﬁuso; like retinoic acid, also inhibited hemoglobin
productioh by K562 cells from a mean of 0.16 +/- a SE of
0.01 pcg/cell'to 0.08 +/- 0.006 pcg/cell after four days of
exposure. | -

Exposﬁreuto DMSO resulted in a small populetion of.

~

cells that reacted with J15 (Figure 13), .an antibody to the

‘platelet glycoprotein IIb-IIIa. 1In addition, apprbximatelyA

908 of the'cells'stained positive fbrAS'—nucleotidase
(PLATE VII). There was also a marked reduction in PAS
staining similar tokthat observed aftervhemih induction.

Agaiﬁ,.there were no gross morphological changes
observednin the rnduced cells, other than a reduct;on'in
cell volume..

Although there wes no change 6bserved in the
concentratlon and dlstrlbutlon of alpha naphthyl acetate
esterase after DMSO induction, the pattern of staining

resembles that-of‘megakaryoblasts; These cells show a

localized perinuclear positivity which is moderately

90
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sensitive to fluoride inhibition ' (PLATE VIII).
No significant changes in the distribution of cells in

“the cell cycle were observed after induction with DMSO. -

!

After four days, 52.7% +/- a SE of 3.23 of the control
cells were in G1/G0, 31.1% +/- 3.12 in S and 16.2 +/- 0.41
in‘GZ/M. Induced cells Qere{distributed 51.1% +/- 1.78 in

GO/Gl, 32.2% +/- 1.55 in S and 16.7% +/- 0.8 in G2/M.
: | . |
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Table 7. Membrane Expression of. Lineage Specific and
Major Histocompatability Antigens on K562 Cells after.
Induction with Dimethyl Sulphoxide '

¢

> . ]’ , Percentage of Positive Cellsd
Membfane Qntigens R
fCoht;ol DMSO
ST Meab - T
MHC ANTIGENS 0 0
ERYTHROID LINEAGE
Glycophorin A HBS - | 63% 5.61 61% 6.01
B357  60% 4.07 35Px3_ 89
MYELOID LINEAGE - L
Barly Granulocytic 80H5 79 * 3,48  31P23 53
' 82H6  45% 3.69 11P+2 go
' 82H1 15% 3,02 4P+1 36
Late Granulocytic 0 0
Monocytic MO2 0 0
| " 82H3 71 % 3.135 -742.89
MEGAKARYOCYTIC LINEAGE VIII 0 0
69CA 0 0
u15 1%0.55 7°%1.76°

a

AThe percentage of positive cells was detérmineq by :
Values represent the mean * SE of
four separate experiments.

flow cyometry analysis.

bThe‘diffetence between thc means of induced and non-
induced (control) cells are significant at the .05 level
for Student's t test for:paired data.
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[ 4
CELL
NUMBER
MO
Control ——
4 '

'LOG FLUORESCENCE INTENSITY

FPigure.ll. héactivity of Monoclomal Antibody 80HS5, anti-
Granulocyte, with K562 Cells Induced with 0.175 M DMSO for
4 Days. : '

.Control'

' LOG FLUORESCENCE INTENSITY

.Pigure 12, Reactivity of Monoclonal Antibody 3357, anti-
Glycophorin, with K562 Cells Induced with 0.175 M DMSO for
4 pays. _ _ '

.93
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' NUMBER

CELL.

Control

LOG PLUORESCENCE INTENSITY

Figure 13. React1v1ty of Monoclonal Antlbody JTS anti-
Platelet Glycoprotein IIb~IIIa, with K562 Cells Induced
with 0. 175 M DMSO for 4 Days.
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PLATE VII. DEMONSTRATION OF 5'-NUCLEOTID 7F" IN K562 AFTER
INDUCTION WITH DMSO

A) 100X Magnification of Untreated Cells Stained for
5'-Nucle~*~idase

B) 100X Magnification of K562 Cells Induced with 0.175 M
DMSO for 4 Days Demonstrating the Presence of ‘
5'-Nucleotidase

[Ne]
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PLATE VIII. DEMONSTRATION OF ALPHA NAPTHYL ACETATE
ESTERASE IN NON-INDUCED K562 CELLS

\ e

\

)

A) Alpha Napthyl Acetate ﬁste:ase'hctivity_in K562 Cells
showing Localized Positivity, -

- L F
\ .

%

B) Sodium Fluoride Inhibition of Alpha Napthyl Acetate
Est._rase Activity in K562

96



F. DPMA

PMA appeared to .induce macrophage-like differentiation
in K562 cells.

Aft.r inauction, the cells beeame adherent to plaspic
(PLATE IX), they had a decreased nucleus'to cytoplasm
ra;io, abundant cytoplasmiwith'vacuoles, and a minor
pe;centage of cells showed evidence of nuclear natu:ation.
These cells were able to reduce NBT (PLATE xf, and binding
with an monocyte—specifié“MoAb 82H3 (Figure 14) was
significantly enhanceé. However, the cells were still
negative with tne monosyte—specific McAb M0O2 and there were
no changes observed with any Jf Lhe cytochemical stains.

Like sod1um butyrate, PHA induced the synthesis of HLA
class I antlgensj(Flgure 15) but not class IT1.

The erythroxd phenotype of the cells was almost
completely eliminated. Only a small percentage of ceils
contlnued to express glycophorin on the1r cell membranes
(ngure 16) and hemoglobin production was almost completely

"eliminated. - Control cells contained 0.18 pcg +/- a SE of
.019 of'hemoglbbin‘per cell compared to 0.05 pcg +/- .014
in cells_from-the.cultuies treated with'PMA for 24 hours;

The‘exptession of éranulocytic antigens was also
weakened (Figqure 17) and there was no evidence of
megekar?ocytic.differentiation observed (Table 8).

i PMA was the only inducing agent which completely
inhibited cell proliferation (Figure'l) which may suggest

that PMA was able to induce terminal differentiation. In
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addition the phenotypic chanées induéed by PMA appeea-ad to
 be quite.stqble. Aféerlfemoving PMA, the macrophage
phenotype remained essentially unchanged for two weeks
(data not shown).

As expected PMA sigﬁificantly affected the distribution
of ééils in the phases,of the cell cycle, After induction,
there yas‘a'ﬁérked reduction in the number of cells
synthé;iéiﬁa DNA and an accumulation of cells in the G2
phase. ﬁAfter 24 hours, 41% 4/- a SE of 3.87 of control
.cells were‘in GO0/Gl, 36.1% +/¥ 2.51 in S and 22.9% +/- .52
in G2/M. After induction with PMAVfor 24 hours, 47.7% +/-
3.04 of the cells were in GO/GL, 11.7% +/- 1.53 in S and
40.6% +/- 4.03 were in 'G2/M. |



Table 8.

Membrane Expression of Lineage Specific and

Major Histcompatability Antigens on K562 Cells after
Induction with 4/4- Phorbol 124 Myristate 13o< - Acetate

T T T R N R R E I I T I T E R T T RS ENEENEERIAIRS TSI ==

Membrahne Antigens

Percentage of Positive Cells?

—— e ——— —————— - ———— ——————————

L - ———— ———— ———— — - - W e e e G - M - ———— —— ———————

MHC ANTIGENS McAb

A2 Microgiobulin

HLA- - ABC Monomorphic

HLA - DR Honomorbhic~

L

ERYTHROID LINEAGE

Glycophorin A

L.
MYELOID LINEAGE

Barly Granulocytic

Late Granulocytic

~ Monocytic

MEGAKARYOCYTIC LINEAGE

arhe percentage of positive cells was determined by

flow cytometry analysis. Values represent the mean t SE

Control
2*1.22
*1.30
0
HES 62*3.61
B357 70%5.76
80HS 84%2.66
82H6 51*5.20
82H1 20% 4.02
0
MO2 .0
82H3 ° 68% 3.5/
.

of four separate experiments,

73P+4.51
76P23 .27

0

39Pr 4. 35

26P+4 .56

62P%3 21
19Px4 72
3P+0.90
0 -
0
95P1 85

‘bThe diffeienCes‘Between the means of induced and non-
induced (control) cells are significant at the .05 level
for Students t test for paired data.
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CELL
NUMBER

PMA
Control

-

LOG FLUORESCENCE INTENSITY

Figure 14. Reactivity of Monoclonal Antibody 82H3, anti-
Monocyte, with K562 Cells Induced with 0.5 nM PMA for 24
Hours

CELL

NUMBER
M—
Control :

v
LOG FLUdQBSCENG” INTENSITY
Figure 15. Reactivity of Monoﬁlon - :ibody 81H2, anti-
HLA-ABC, with K562 Cells Induced w. .5 nM PMA for 24

Hours i
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CELL
NUMBER

M «aERSERR ~
Control _A_

LOG FLUORESCENCE INTENSITY

Figure 16. Reactivity of H85, anti-Glycophorin, thh K562
Cells Induced with 0.5 nM PMA for 24 Hours.

CELL
NUMBER

LOG PLUORESCENCE INTENSITY

Figure 17. Reaétivity of Monoclonal Antibody 82H6, anti-
Granulocyte, with K562 Cells Induced with 0.5 nM PMA for 24
Hours . '
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PLATE IX. MORPHOLOGY OF K562 CELLS IN CULTURE

A) Constitutive K562 Cells Gtow1ng as a 81ngle Cell
Suspension

B) K562 Cells showlng Adherence to Plastic After
Induction with O, 5 nM PMA for 24 Hours
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PLATE X. DEMONSTRATION OF NBT REDUCTION BY K562

VoL .
e 4

Ul "~ O . :

3 ; A

L

. ‘ , R, § o ' , G
A) flOOx_ﬁagnification'bf Untreated K562 Cells with
Negative NBT Reduction -

Sy

B) 100X Magnification of K562 Induced with 0.5 nM PMA for
24 Hours, Showing Positive NBT Reduction :
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G. Two Parameter Analysis of “Cell Cycle and Expression of
Lineage Specific Membrane Antigens.

o

—

MEMBRANE : 3
ANTIGEN . :
EXPRESSION :

N DNA CONTENT
Figure 18. Corrélation 6f the Binding  of Monoclonal
Antibody 82H3, anti-Monocyte, with DNA Distribution in
Constitutive K562 Cells.

The reéults show no clear cut correlation between DNA
distribution and the 'biqdir\g\of. 82H3. The ,Gl/GO phase
includes a spectrum of cells from negativé tq strongly
positive for this antigen. Cells in'S phase were |
‘moderately éoéitive for this antigen. Cells in G2 and M
pﬁases_Of the cell éycle_included a population of cells
' stfongly binding 82H3 as ﬁe*l as cells moderately positive%*'l

for this antigen,
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MEMBRANE
ANTIGEN
EXPRESSION

- DNA CONTENT
- Pigure 19. Correlation of the Binding of Monoclonal
., Antibody 82H6, anti~Granulocyte, with DNA Distribution in -
Constitutive K562 Cells.
The results again show that the expression of the.82H6
antigen is highly variable in cells-in G0/Gl. Most of the

' highly ‘fluorescent cells are in GO/Gl. The cellsbihféu

phase are much more uniforﬂ in the‘expression'of éhis 4
.ant1gen and the ma]orlty of cells appear to: be less

fluorescent than the Gl/GO cells. As.with 82H3 (Flgure
18), cells in G2/M express slighe{y more‘antigen tha; the

cells in S phase.

-



MEMBRANE
ANTIGEN
EXPRESSION

—

DNA CONTENT : \
Figure 20, Correiation of ﬁhe Binding of Monoclonal
Antibgdy gOHS, anti-Granulocyte, with DNA Distribution in
Constitutive K562 Cells. . .
Célls in'GO)Gl express varying amduhts of this .

antigen. Cells showing the strongest antigen expression
are in GO/Gi. Cells in S and G2 phases have a more uniform
" phenotype. Most of the cells in S and G2 appear to be
strongly positive,'with the GZ/M'cells showihg_Slightly

L

more variability.

Nt
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MEMBRANE
ANTIGEN
EXPRESSION

DNA CONTENT

Pigure 21. Correlation of the Binding of Monoclonal
Antibody B357, anti-Glycophorin, with DNA Distribution in
Constituve K562 Cells. :
The relationship between celljcycle and membrane
expression of glycophorin is similar to that obsérved with
82H6 (Pigure 19), with G1/G0 cells showing a variable
staining pattern with anii glycophorin. Cells.showing the

strongest antigen expression are in Gl. The majority of

cells in S-and G2/M appear to be moderately fluorescent.



CHAPTER V. DISCUSSION

-

A. K562 - A Pluripotential Stem Cell Line

[

The results of this study.indicated that K562 is a
pluripotential stem cell line thats-has the capacity to
express markers and features characteristic of
granulocytic, monocytic, erythrocytic and.megakaryocytic
different}ation when exposed to exte}nal stimuli. Each
inducing agent was able to trigger a unique, reprodubible
response, which, in some cases, appeare. similar to
differentiation observed in dorma} hemapopoietic céils.

Sodium butyrate triggered profound changes in the
morphology,~express;on of membrane antigens, and
cytochemistny of . K562 cells. As previously reported,
hemoglobin'production and membrane/glycophorin expression
.was iﬁcreased (113,114), although the latter change was
only detected by one of two moneclonal antibodies specific
for glycophorin. .At'the same time theke appeared to be
granulocytic differentiation occurring. This statement is
’supportd by the observations of alkaline phosphatase
act1v1ty, synthe51s of sudanophlllc grainules-and increased
PAS positivity.

‘After'sodium bqtyrate induction, thefe'was a marked
decrease in the binding of the McAbs, 80H5; 82H1 and 82H6,
which are spec1f1c“for antlgens expressed early in myeloid

differentiation. Similar observatlons were ‘made by Breton

- Gorius et al. (121).' This can be interpreted in two
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ways. These results are consistantvwith eryth;oid'
differentiation where éne would‘expeét to see a loss of‘
myeloid features. The alternative éxplanation is that
granulocytlc differentiation also occured. 'The antigens
recognized by the McAbs 80HS5, 82H1 and 82H6 are éxpressed
on myeloid ptogenitors and are progressivély lost ddring
early granulocyte différentiatién (127,128,129). - A\simila;
phenoﬁenon has.also been obser&ed durlng granuloFytlc
differeﬁtiation of the promyelocytic ééll line ﬁLGO
(petggnalfbéhmunlcation, dr. P. Mannoni). Theiefore tﬁe .
expression of thggé antigens appears to be invérsely
;orrelated with granulocytic differentiation..

There was no évidence of terminel myeloid digférentiation
after sodium butyrate inducticn however, bgCausé there was
no binding of the monoclonal'antiboaies 80H3 and 82H7,
which recognize late myeloid markers, ané the cells were
unable to reduce NBT. ‘

Although it has been previously reportea that sodium
butyrate induces megakaryocytic differentiation in K562
(120), no evidence of this was observed in this
invest1gat10n. It should be p01nted out however that the
facilities were not available to detect platelet
peroxidase, one of the‘most sensitive markers of’early
megakaryocytic differentiation. : ‘ kY

Hemin-induced erythroid différentiation in K562 cells
was accompanled by increased expression of glycophorln and

a large increase in hemoglobin productlon, conflrmlng

results seen in other, studies (115,116,117). However, at



the same time an ‘increase in the expression of myeloid

specific antigens was observed. A similar observation was

made by Breton-Gorius et al. in an independent study (121).

The significance of increased expressibn of myeloid-

specific antigens during erythroid differentiation is

“unknown, bnt it is consistent with the hypothesis that the

expressien of these antigens may be inversely corre}ated
with granulocytic differentiatien and would therefore be
expected to increase during erythfoid differentiation.

. femin also stimulated a marked~decrease in PAS
.staining. A positive PAS reaction is one of the'hallmarks
of erythroleukemia. Swever the;e has been surprisingly
little work éublished correlating PAS staining with.
differentiation. Attempts to correlate PAS staining of
erythroblasts with stages of differentiation would be
difficult beeause no,cerresponéing normal control exists,

" . Normal erYthroid progenitors do not stain with PAS (22),
but cytoplasmic glycogen can be detected by using electron
microscopy. The concentration of cytoplasmic glycogen
decreases as etythroid differentiation ﬁroceeds (150).
These results suggestlthat the decrease of glycogen
ebserved after hemin induction of K562 indicated a
return to more normal erythroid'metabolism or that
erythroid diffetentiatiqn had occu:red. The observations
that PAS staining of leukemic erythroblasts is variable

from patient to patient, and often Ehanges during the

course of the disease (22), may suggest thatierythroidf

~—
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differentiation is arrestad at different stageé in these

patiénts and the stage of arrest may change during the
course of the disease. h
| The response of K5:2 cells to hemin and sodium butyrate
is clearly different (Ta2hle ¢,, although both agents Kave
béen’reported ﬁo induce ernythroid differentiation in K562
cells (113,114,115). Por example, sodium butyrate inducéd
a decreased expres§ion of‘early myéloid-specific antigens,
whiie inauction with hemin‘induced an increase of these
‘antigens. Sodium butyréte triggered the synthesis of Class
- I MHC antigens, whereas hemin did not.. After 'induction
with sodium butyrate, PAS staining of K562 cells was
enhanced, whereas after heﬁin induction,-there was. a marked
decrease of PAS staining.

Retinc ‘¢ acid diminished the erythroid phenotype.of
K562 cells by decreésing hemoglobin production and the
" membrane expression of giycophorin. Theré was also.a
significant loss of the.early'éxanulocyte markers, If the
premise that the expression of the antigens_binding 80HS ié
inversely correlated with granulécytic differentiation is
correct, there may be some early granulocytic
differentiation occuring in K562 cells in resbonse to retinoic
acid. Theré was no evidenée of terminal granulocytic
differentiation such as syntheﬁié of antigens that aﬁpear
in matufe dranulocytes or by the development of functions
characteristic of this lineage..

This stddy also proyided evidence from cytochemical

\
3

staining and analysis of membrane antigens that DMSO can
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induce megakaryocytic differentiation in K562\cells‘while
repressing the erythroid phenotype. Previous»published
'studies have reported no response of K562 to DMSO (112) but
they were primarily investigating the capacity of DMSO to
promote erythroid differentiation as.it does in the Friend
erythroleukemia line. The induction\of megakaryocytic
differentiation by DMSO in an 'erythgoid' cell line has a
precedeﬁt in the observations by Breton-Gorius of the
response of the erythroleukemia cell line, HEL, to DMSO
(personal communication), -

Constitutive K562 cells exhibit some features of
megakaryocytic differentiation such as the expreséion of
platelet glycoproteins on the cell membrane (126,121,k22).
This study demonstrated a further;example. The staining
péttern of aipha napthyl acetate esterase reSembled that of
megakarydblasts Megakaryoblasts and K562 cells showed a-
locallzed perinuclear positivity which is moderately
sensitive to fluoride inhibition (Plate VIII). Andersson
describes blaéts similar to this in a patient.with
erythroid blast crisis of CML (251).

The megaka:yoblastic_pattern of alpha napthyl acetaté
esterase in K562 cells-and‘in blast cells from erythroid
blast crisis of CML, the demonstration of megakaryocyﬁic ;
diffefentiatidn in "erythroid®" cell lines, and the
identification of a bipotent erythroid - megakaryocytlc

progenltor in mouse bone marrow (35) suggests a 90551ble

link in the differentiation pathways of erythroid and
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megakéryocytic lineages.

The results of this study sﬁ;uld be confirmed with
ultrastructural étudies to identify platelet peroxidase in
the induced Feils. The McAb, Cl7, which binds ;o an
antigen expressed earlier in megakaryocytic differentiétion
than factof VIII or the IIb-IIIa complex (152), shouid also
bé used to confirm the results of this investigation. )

As it does in many other ceil lines (61,62,64,69), PMA
appeared to promote monocytic differentiation in K562
ce;ls. The evidence supporting thiS'statepen; includes
morphological changes such as adherence to blastic,
membrape marker analysi$ show?ﬁg enhancement of expression
of a monocyte specific antigen, and/functionél aésays
deﬁonsttating the ability to reduce NBT. It should Be
poihted out that,fhe induced cells were unable‘to\bind the
McAb, MO2, one of the classicﬁl markers of the monocyte
'lineége, ahd that there was no apparent change in the
'distributibn or concentration of alpha napthyl acetate
esterase in the induced cells. -

Monocytic differentiation has not previously been
reported for K562 cells and several investigatbrs have
reported that cells blocked at the stage of a myelobiést'
such as KG-1 and K562 are completely resistant to PMA-
induced differentiation and® that the proliferation 65 these
cells is not affected by phorbol diesters (153). |

An important observétion about éMA induced macophage \ 7

differentiation in K562 and other cell lines ié that it

does not require DNA synthesis (154,155). This violates
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one of the central dogmas about the requirement of mitosis
for differentiation. In recent years this relationship
between proliferation and differentiation in hematopoietic
cells\has been the subject of considerable controversf.
Another important observation is that PMA,‘like sodium
butyrate, induced the synthesis of-Class‘I MHC antigens but
‘not that of HLA-DR antigens in K562 cells. Synthesis of

i

Claes I MHC antigens was not observed after inducrion with
hemin, retinoic acid, or DMSO. | *
After replacing PMA-containing medium with fresh

medium, the macrophage phenotype remained essentially
. unchanged for two weeks, suggesting that PMA was abie to
induce the majority of cells to'undergovterminal
differentiation.: In contrast, cultures treated with the
other inducing agents reverted to their original phenotype
after approgimately 5 days»in fresh media. -.This indicated
that not a%l“&he cells were responsive to the inducing
agent so that the proliferation of the unresponsive éells
in the fresh media may have masked rhe more differentiated
cells. To Eest this hypothesis one could use flow
cytometry analySis of membrane markers to identify those
cells that appear to be the most and the least
differentiated, and tnen examine the stability of their
4phenotypes and their proliferative capacity in fresh media.
Alternatively, the reversion of the induéed cultures back
to their pre-induoed phenotype may suggest that

differentiation is reversible.
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With the exception'of'sodium butyrate, each of the
induciné agents was able to trigger some degree of
differentiation_whi;e repressing the expression of features
of the other lineages. This is consistent with the concept
that differentiation involves a‘gradual narrowing Qf the
spectrum of gene products that a cell can produce. It is.
alsq.consistent Vith Till's\hypothesis (104) of a multiply
marked pluripotential hematopo;etic stem cell that, through
differentiation, gradually loses features of all lineages
~ except one. However, after treatment with* inducing agents,
the K562 cells exptessed some antigens, for example, “
piatelet specific markers, that were not present in thev
untregted cellsl This response is consistent with
McCulloch's view of pluripotent stem cells which synthesise
and express antiggns characteristic of specific,lineages
during différentiationv(92). |

Sodium butyrate appears to be unique in that it induced
features of erythfoid, ;yeloid and ' possibly megakéryocytic
(120) lineages simulta?eousiy in K562 cells. Ceil sorting
’exberiments and multi-labelling techniqﬁés could be used to
detérmine-if markegs'qf all these 1ineagésﬂappéar on the
same cell, or if there is evidence of lineage fidelity with
increased differentiation.u | | |

Does K562 represent a model of normal hematopoietic
differentiation ? _Within the erythroid system, the K562
cell liﬁe‘exhibits many of\the features of early erythroid
differentiation, including hemoglobin production, globin

mRNA accumulation,'glycophorin and s?ectrin produgtionvénd



erythroid-like patterns of enzymes of heme metabolism. The
phenotype of K562 cells is compatible with .embryonic or
fetal erythroblasts. For example, the lactose |
dehydrogenase (LDH) isbehzymes are produced in a fetai
pattern, the i antigen is present and only embrybhic and
fetal hemoglobins are produced (116). Like normal
embryonic cells, K562 does not expfess the globin gene
although the gene is present and intact (117). However,
erythroid maturation is not normal in these cells. .They
lack ABO and Rh ahtigeps énd carbonic anhydrase (112), and
to this point, terminal erythroid differentiation has not
'been demonstrated in these cells. *
Similérly, K562 cells sYnthesise megakaryocytic - ,
markers, ihcluding platelet peroxidase, 5'-nucleotidase and

.platelet glycoproteins; IIa, III, and IIIa. Other early

gspecific markers, such as platelet glycoproteins Ib and IV,

and Factor VIII related antigen, have not yet been detected

in K562'cells and terminal differentiation has‘not yet been
démonstrated.

Another major disérepancy with normal hematopoietic
differentiation is that K562 cells lack the DR antigens,
Rgcent studies have shown that pluripotential progenitors
express HLA-DR (A. Keating, Toronto, éommunication at the
AACHT meeting, Chicago, November 1983; and Dr. Maraninchi
pérsonai‘communicatiOn).

In conventional lineage represéntations of

hematopoietic'differentiation,'KSGZ cells may represent the
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leukemic counterpart of the stem cell whiéh gives rise to
celljg"'erythr01d, myeloid, and megakaryocytlc lineages.

If 1 phocyt1c 51fferent1at10n can be demonstrated for thlS
cell line, K562 cells could represent the leukemic form of
‘é'more'primitive\stem cell.

In summary, the 3562 cell line appears to be a useful
model for limited stages of hematopoietic differéntiation,
including embryonic erythropoiésis and early stages of\
megakaryocytic-differentiation. The study of both of these
events is hampered by insufficient quantities of cells from
normal donors. K562 cellsﬂéannoﬁ be considered
representative of normal'pluripotential p:ogeniﬁors because
of their inability to complete differentiétion in any
lineage.

K562 cells appear to be a valid model of leukemic
pluripoéential étem cells - partiéularly those observédﬁih
CML blast crisis. norphologically,“cun'blaéts and K562
cells are similar; both frequently have karyotypic
abnormalities and show e&idence of lineage infidelity.
Blasts from patients in CML blast érisis, with similar
binding~patterns of monoclonal antibbdies and cytochemical
staining prqfiles to K§62 célls have been observed «
(98,151). h g |

Heashremen: of membrane.antigens with Spécific~
an;ibodies, and particularly monoclonal antibodies, to
monitor hematopoietic differentiation is a felatively new
.technique. "Within the past five'years literatdré'in this

area has expanded tremendously. The function and
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phy31ologica1 significance of cell surface antigens defined

N 5

by the vast majority of the antibodies available remains

unknown. An important research project is to correlate the

- modulation of memprane markers that can be observed during

differentiation with a particular function. An example is
the presence of transferrin receptors on the membrane of
erythroid brecursors. Their function is to incorporate
iron from the plasma into cells for use by mitochondria for

the synthesis of heme. ' Other examples of membrane

receptors, detected by monoclonal antibodies, that have

- specific functions include; T cell receptors, T4 or T8

antigens; and receptors for interleukin 2 (156) In terms
of differentiation, the™ goal of such research would be to
detefmine 1f the changes observed -in membrane antigen
expression can be attributed to the activation or
inactivation of genes involved,in regulation of |
hematopoiesis; )

It is also possible that some differentiation-

associated'an lineage-specific membrane antigens may not

have functional 81gn1f1cance ‘Wwithin the hematop01et1c

'system. For example, the antigens of the ABO system do not

appear to be 1mportant,to the development and function of
erythrocytes.
The use of chemical a%ents‘and physiological materials

ta stimulate hematopoietic differentiation in leukemic cell

T——

lines is now a common technique.,- However, one of the

problems which has not been addressed is whether the
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- changes that can be measured, particularly in the

expression of membrane antigens, are artifacts resulting

from perturbing the growth pattern of the cell line. The

answer is not obvious.. Within this study,»this problem was

investigated by using flow cytometry analysis of DNA
distribution‘to analyze-the effects of the inducing agents
on' the growth cycle of nggféells. 'in addition, two
parameter 'analyses of ﬁembrane antigen‘expression apd.DNA
distribution on uptreated K562 cells was done. The tesults
éhow that some of the inducers did affect the distribution
of cells in the various phases of the cell cycle. lt is
not possible to say froh this study whether cellular
differentiation influenced growth kinetics or whether
changes in growth kiﬁétics were due to a'non—speéific".
action of the iqﬁucinq égent.

The two parameter ;nalyses'revealed J complex
relationship between cell cycle and-membrane antigén

expressiod 'It séems unlikely that the changes observed in

the cell cycle of the induced cells would be c?ff1c1ent to

account for the modulatlon of membrane antigen expression

observed 1n,thls study. The coincident observations of
morphologicél, cytochemical and functional maturation that’
aré similar to eveﬁts ob§erved'in leukemic and hormal
hematopoietic differentiation also suggest that the
changes observed in membrane markers:in this study are not

artifacts.



B. Applications of Inducers of Differentiation to Leukemia

Therapy

Clinical triels investigating applications of
differenEiaﬁion inducing agents to treatment of well-
-differentiated leukemias and pre-leukemic
‘-conditions are now underway in7'several centers.
Prelimipary studies indicate that reti;oic acid ﬁay be
clinically effective for.inducieg terminal differentiation
in patients with ptemyelocytic leukemia (69). This study
suggests that cancer therapy based on inductien of
differentiation may also be applicable to patients with
reiatively undifferentiated leukemias. .Although terminal

differentiation was never achieved in this study, with the

possible exceptionlof PMA induction, proiiferation rates of"

<

treated cultures were reduced and, in some cases, qells
acqulred functlons characterlstlc of specific lineages,.

In a recent study (157), K562 cells, which were
resistant to the cytotox1c actlon of V1ncrlst1ne, were.
still able to undergo dlfferentlatlon when induced with
hemln or sodium butyrate Patients who are refractory to
convent10na1 chemotherapy may benefit from this approach to

therapy.-

It has alsarbeen recengly suggested that patients with

[

v ¢
a preleukemic condition may also be responsive to therapy

with differentiation inducers (69). <Current data suggest

 that preleukemic‘cells'cén mature in vitro, and that, while-

their differentiation is abnormal, it is closer to normal
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A'than observed in AML cells. Currently thére is no
effecti;e therapy for these patients.

Another approach worth explcring is the use of inducing
agents to sensitize leukemié cells to cytotokic drugs. It
is interesting to note ﬁhat many of the cytotoxic drugs
cﬁrrently in. use are able to induce differentiation of
several leukemic cell lines (69,140). ‘

" One of the problems:that has been sgégested in tfeating
céncer by promoting dlfferentlatlon, is that karyotypic
abnormalltles present in many tumours may prevent normal

differentiation. It has been pointed out that chromosomal

abnormalities may'be compatible with normal differentiation

o

(9).

This study also provided additional evidence supportlng
-the role of monoclonal antlbodles and the ‘5'-nucleotidase
stain, 1nAconJunct10n with conventlonal cytochemistry, for
classifying pqorly differentiated leukemias, The 5°'
nucleotidase sfain, which has not previodsly been used as'a
tool for investigating differentiation in cell lines, was\
used in thisvstgdy as a cytochemical marker of
megakarybcyﬁic differehtiatisn; The results indicated that

<

this stain may be useful in an analogous way to the . -
acetylcholinesterase)stain in<murihe systems (158). It may 53
. also provide a less expensive substitute for

ultrastructural studies used in diagnosing ﬁegakaryoblastic

leukemia and for studying megakaryocytic diffefentiation.



C. The Relationship between Expression of MHC Antigené}

Malignanc¢y, and Differentiation

One of the most exciting fesults of this investigation
was that K562 cells express class I MHC antigens under
certain conditions. There is growing evidence that MHC
antigens play a-role in éell differentiation, includinc
.hematopoiesis and’'in the immune response to>malignancy
( 159,160,161,162,163). ’

After induction with sodium butyrate or PMA, K562 cells
zxpressed class ilMHC antigens. This was confirmed forv
sodium butyrate treéted cells by img&ne precipitation and
by identification of Class I MHC mRNA in experiments done
bf Marc Feilous and Frederic Rosa, at ﬁhe Institut Pésteur
,in Paris. These results areiunique for several reasons.
K562 cells have been described as lacking Class I and II
MHC antigens (iié,116,164). ‘This is the first report of
‘expression of HLA-ABC and/ﬁz microglobulin in K5¢2 cells.
Secohdly, although interferon enhadces the expression of
MHC antigens in several cell types (165,166), this is the
first repogt that a substance dther than a lymphokine can
trigger the synthesis of these antigens.

To'fufther;inveétigate the induction of class I
antigens, K562 cellsIWere treated withlalpha, beta, and
gamma interferons. .K562 cells were able td sythesize Class
I antigens under these conditions as well, but as was seen
in similar experiments with sodium butytate, none of the

interferons stimulated the synthesis of HLA-DR antigens.
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It should be pointed out that since the preliminary

2
experimentsf there have been passages of K562 in which weak
binding of the McAbs 81H2 and M18 (anti-HLA class I) was
observed in uninduced cultures. fhere are several possible
explanations for this phenomenon. 1In the literature,
cytotoxicity assays have been the ﬁrimary test for membrane
expression of class I antigens on K562 cells. This study
indiéates that this is an inapprop;iate test with K62
cells bécause of tﬁeir anticomplementary properties., This

was demonstrated by the observation that the McAbs 9H],

83H1, and 81H2, which are lymphocytotoxic and which bind to

’ . , ~
K562 after sodium butyrate or. interferon induction, were

hnable to kill K562 cells in a cytotoxicity assay.
Therefore} it is possibie that some K562 ceXYls do
transieﬁtly expregs_HLA-ABC‘antigens andIBZ miéroglobulin
when cultured for long periods of time. This may be
attributed to clonal evoiution, or to the spontaneous
induction of discrete stages of differéntiation.
Alternatively, the sporadic expression of these antigens in

K562 cells may be an artifact. The McAbs specific for

" class I antigens may be cross reacting with other antigens-

unrelated to HLA that are transiently expressed on the cell

membrane, For example, the W6/32 McAb specific for a

monomorphic human HLA antigen has been shown to cross react

with a mouseé tumor associated antigen (167).
The mechanisms of induction of Class I antigens by
sodium butyrate and interferon appear to be dlfferent The

evidence supportlng this is that there appears to be an
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additive relationship as measured by production of mRNA and
cytoplasmic antigén in K562 after double inducﬁion with
sodium butyrate followed by interferon. These results were
particularly striking for gamma interferon (Pigtes I,I11).
The observation that sodium butyrate decreased the
expressioé'of class I MHC antigens on normal T lymphocytes
(Pigure 4), and on the ceil lines HEL and HL60 (data not
shown), while interferon enhanced antigen expression
(Figuré'4), also corroborated the hyéothesis that sodium
butyrate and inter}eron act by different mechanisms,

To try and explain the relationship between these
c;mpounds, it was postulated that sodium butyrate may be
acting by increasing thg numberrpf receptors for interferon
on the cell membrane of K562, or by stimulating the
product:on of interferon by K562. ’In experiments done by
M. Fellous and P. Rosa, (personal communication) attempts
to block the action of sodium butyrate failed, when an
antibody to interferon was added to the cultufé media.

This suggésts that sodium Buﬁyrate does not influence the
production of; or response to, interferon by K562 cells.

Using immune fluorescence, the K562 cells induced Qith
- interferon or sodium butyrate were typed and .found to
express A2 and BlZ'antigens.: Because the HLA phenotype qf‘
the woman from whom K562 originated is unknown, it is not .
possible to say whether this typing reflects her phenotype.

It would be desirable to type the induced cells with a

larger panel of HLA antisera to see whether a complete

¢ .
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typing could be obtained, or whether her céils would react
to most antisera, which is characte:iétic of many ;eukemic
blasts.

Althbugh Ehe involvement of class I Mgc antigens in the
regulation of cell interactions in the immuné system is
well established, the widespread distribution of these
antigens in the body suggest'that they may have a wider
role in regulating cell interactions.

Within the hematopoietic system, class I and II MHC
antigens are expressed in all cell lineages at some point,
with modulation occurring during differentiétion.- Class II
antigens are lost during earlf stages of development of all
blood cells except for B lymphocytes and monocytes.  Mature
erythrocytes and perhaps plateleté 1a;k_both class I and II
MHC antigens. As well as quantitative"differences (1$9f
between cell lineages, there also appear to be gqualitative
differences. A fecent paper reports_thatvth% expression of
HLA-DR antigens on lymphoid cells diffefs from those 6h
myeloid cells (160).( The authors suggest this lineage-

- restricted variation provides the 7asis‘for tissue specific
recognition signals fequired for éill'interaétions and
differentia;ion.

The variable effects that interferons havé,on
differentiation in many cell lines may be attributed to
their profound effedts on the\%xpression of MHC antigens in
these cells.‘

In this study, the expression of class I MHC antigens

in K562 cells after treatment with well known inducing

/
)
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agents may not be a coincidence. The two agents, sodium
butyrate and PMA, which triggered the most profdund changes
in K562 cells and were the most effective inhibitors of
cell proliferation, were-alﬁo able to:induce the synthesis
of HLA-ABC antigens and‘82 microglobulin in K562; It is
difficult to equaté the synthesis of class I MHC antigens
by induced K562 to events ;n normal hematopoiesié because
it is not known whether primitive pluPipotential stem cells
express these antigens, | ' .
To further explore the relationship between
differentiation and expression of class I antigens in this
model system, K562 cells could be tréated with interferon
to stimulate MHC antigen productién prior go induction with
retinoic aéid,‘DMSO or hemin, HL60 has been shown to be
more responsive to inducing agents under these conaitions
(74), but this cell line constitutively expresées class“I
MHC antiéens. '
In a recent paéer that explores the reiationship
between expression of class I MHC antigens and malignancy,
the authors report that there is often a substantial
decrease. or virtual absence of tﬁesé Antigens in a wide
variety of tumours (161,162)., There is also a clear
inverse ;elationshib'between the expression of MHC class I
antigens and the degree of malignancy in some tumors (163).
Because neoplasms appear.to,be disorders_of cell
differentiation, theée observatiohs‘further implicaté the :

involvement of the MHC antigens in the regulation of cell
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differentiation.
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