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ABSTRACT Transformed cells do not
necessarily lose their capacity to differen-
date. Various agents can Induce many
types of neoplastic cells to terminal differ-
entation. Among such Inducers, a partic-
ularly potent group consists of hybrid po-
lar compounds; hexamethyene bisacet-
amide (HMBA) is the prototype of this
group. With virus-transormed murine
erythroleukemia cells as a model, HMBA
was shown to cause these cells to arrest in
G, phase and express globin genes. This
review focuses on HMBA-Induced modu-
lation of factors regulating G1-to-S phase
progression, I ding a decrease in the G,
cyclin-dependent kinase cdk4, assodated
with ilhIbition of phosphorylation of the
retinoblastoma protein pRB and possibly
other related proteins that, in turn, se-
quester factors required for Initiation of
DNA synthesis; this provides a possible
mechanism for HMBA-induced terminal
cell division. Evidence that hybrid polar
compounds have therapeutic potential for
cancer treatment will also be reviewed.

In normal development of cell lineages,
precursor cells exist that have the capac-
ity either for self-renewal or for differ-
entiation and cessation of cell division
(1-3). Neoplastic transformation of pre-
cursor cells leads to disordered cell pro-
liferation and failure of cells to differ-
entiate normally. There is abundant evi-
dence that transformation does not nec-
essarily destroy the capacity of trans-
formed cells to express their differenti-
ated phenotype, including terminal cell
division (1-6). Conceptually, agents that
could restore toward normal the capacity
to generate differentiated progeny might
be effective in treating or in preventing
the progression of cancers (5).
Induced terminal differentiation of

transformed cells involves both the ces-
sation ofDNA synthesis and the expres-
sion of genes for the differentiated phe-
notype. Induced differentiation of trans-
formed cells has been reported with a
number of different agents and a variety
of transformed cell lines (4). Perhaps the
most extensively studied model has been
the use of hybrid polar compounds, of
which hexamethylene bisacetamide
(HMBA) is the prototype (6), to induce
differentiation in murine erythroleuke-

mia cells (7). This review focuses on the
events triggered by HMBA that lead to
arrest of murine erythroleukemia cells in
G1 phase and cessation of DNA synthe-
sis. HMBA initiates accelerated tran-
scription of the globin genes, but the
molecular mechanism of induction of the
differentiated phenotype remains unre-
solved. This review also summarizes the
results of clinical trials with HMBA,
showing that this agent can cause differ-
entiation of neoplastic cells in patients.

HMBA Effect on Murine
Erythroleukemia Cells

Murine erythroleukemia cells are virus-
transformed erythroid precursors that
appear to be blocked approximately at
the CFU-e (colony-forming cell for eryth-
ropoiesis) stage of lineage development.
These cells neither respond to nor de-
pend on erythropoietin for growth (2, 8,
9). These cells are a model for studying
differentiation of unipotent hematopoi-
etic precursor cells along the erythro-
cytic lineage (2, 4, 9). When cultured with
HMBA, these murine cells express a
program of differentiation that has many
morphological and biochemical similari-
ties to that seen in normal erythropoietin-
dependent erythropoiesis (Table 1), (2, 6,
10).
HMBA modulates the membrane sur-

face potential ofthese transformed eryth-
roid precursor cells (10). This event may
activate a signaling pathway (9). No ev-
idence has been obtained for a membrane
receptor for HMBA or related com-
pounds on these cells (11). Within min-
utes of initiating a culture of murine
erythroleukemia cells with HMBA, there
is a transient increase and then fall in
diacylglycerol content (12), followed by
an isozyme-specific translocation of pro-
tein kinases, protein kinase C (PKC) 8
and PKC e, from the cytosol to the mem-
brane (13). These findings suggested that
PKC-modulated signaling pathway may
be involved in HMBA-induced murine
erythroleukemia cell differentiation. The
downstream steps in this pathway includ-
ing the protein target of PKC-mediated
phosphorylation are unknown. No direct
evidence supports this hypothesis, but
depletion of these cells of PKC activity

by exposure to phorbol 12-myristate 13-
acetate does render them resistant to
HMBA-induced differentiation (14).

HMBA Causes Changes in Gl-to-S
Phase Progression

A decision as to whether a cell continues
to divide or to withdraw from the cell
cycle and differentiate occurs during G1
phase (see ref. 15). We asked whether
inducer-mediated terminal differentia-
tion was a cell cycle-related phenomenon
(16). Murine erythroleukemia cells cul-
tured with HMBA have a prolongation in
the first G1 phase, resulting in an increase
in cell cycle time from =12 hr (for cells in
culture without HMBA) to =16 hr (17,
18). This prolongation in G1 phase re-
quired exposure to HMBA during the
preceding G1 and early-S phases (18). It is
during the initial prolonged G1 phase that
commitment of a portion of the cells
(generally :15%) to terminal cell division
and a marked increase in globin gene
transcription are first detected (17, 19).
Commitment is defined as the irrevers-
ible acquisition of the capacity to cease
dividing and to express the characteris-
tics of the differentiated state (e.g., in
these cells, active transcription of globin
genes) (19). Evidence from studies with
other hematopoietic cells indicates that
cytokines that regulate cell proliferation
and differentiation also act primarily dur-
ing G1 phase (20, 21). It may be specu-
lated that in the presence of inducers, as
chromatin structure is altered with the
onset of DNA replication, changes are
also induced in transcription factor com-
plexes that repress transcription of cer-
tain genes (e.g., those for proteins re-
quired for DNA synthesis) and activate
transcription of other genes (e.g., globin
genes).

Regulators of G1-to-S Phase Progression
Are Targets of HMBA

Prolongation ofthe first G1 phase appears
to occur in virtually 100%o of the murine
erythroleukemia cells in culture with

Abbreviations: PKC, protein kinase C; cdk,
cyclin-dependent kinase; pRB, retinoblas-
toma protein; HMBA, hexamethylene bisacet-
amide.
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Table 1. Characteristics of HMBA-induced differentiation of murine erythroleukemia cells
Morphological changes
Chromatin condensation
Disappearance of nucleoli
Decrease in the nuclear/cytoplasmic ratio

Early metabolic changes
Decrease in membrane fluidity
Alteration of membrane potential
Alteration at Na+/K+ transport
Increase of Ca2+ uptake
PKC activity translocated from cytosol to membrane
Transient increase, then decrease in diacylglycerol
Cessation of c-myb and c-myc gene transcription
Decrease in c-myb, c-myc, and p53 protein levels
Increase in c-fos mRNA level

Later metabolic changes
Cessation of DNA synthesis
Increase in globin gene transcription
Increase in globin synthesis
Sequential increase in enzyme activities involved in de novo heme synthesis:

8-aminolevulinic acid synthetase, aminolevulinic acid dehydrogenase;
uroporphyrinogen-I synthetase; ferrochelatase

Accumulation of hemoglobin
For detailed references see refs. 2, 4, 9, and text, which discuss additional characteristics of

HMBA-induced differentiation of these cells. This list of HMBA-induced changes does not
include all reported studies.

HMBA. Nevertheless, as indicated
above, during this initial prolonged G1
phase, commitment to terminal differen-
tiation is detected in only -15% of the
cells, and it requires an additional five to
six cell divisions to recruit >95% of cells
to differentiate (19). Further, HMBA and
related compounds are neither species
nor cell-type specific as inducers of dif-
ferentiation (5, 22-25). These observa-
tions pose at least two questions. (i) Why
does it require several cell cycles in the
presence of the inducer to achieve termi-
nal differentiation of essentially all cells?
(ii) Why are hybrid polar compounds
relatively nonspecific with respect to the
type of transformed cells sensitive to the
inducer?

Cyclins and Cyclin-Dependent
Kinases (cdks)

In considering these questions, we
turned to examine the effects of HMBA
on factors regulating cell cycle progres-
sion-in particular, the Gl-to-S phase
transition because many of these factors
are common to all eukaryotic cells. Thus,
cdks, activated by association with cy-
clins, are involved as positive regulators
of cell cycle progression (20). Combina-
tions of cyclins and cdks interact at G1
control points and regulate the Gl-to-S
phase transition (20, 26-28), whereas
retinoblastoma protein (pRB) and the re-
lated protein p107 may act to suppress
cell cycle progression through G1 phase
(21). Different cell types display different
patterns of expression of the G1-type D
cyclins and cdks (27, 29-31). Phosphor-
ylation of pRB and possibly p107 is ac-
companied by loss ofthe activity of these

proteins in blocking the Gl-to-S phase
transition (32). It may be hypothesized
that critical level of a factor (or factors)
suppressing G1-to-S phase progression
must be achieved for a cell to be com-
mitted to cessation of DNA synthesis.

In murine erythroleukemia cells cul-
tured without inducer, the protein levels
of cyclins D3, E, and A fluctuate during
the cell cycle, whereas the level of cyclin
D2 changes little, if at all (33). Cyclin D1
protein is not detected in these cells.
Cyclin D3 increases as cells progress
through G1 phase to a maximum level in
S phase. Cyclin E peaks at the transition
from G1-to-S phase. Cyclin A increases
somewhat later than cyclin E, peaking in
G2/M phase. The level ofcdk4 fluctuates
in a pattern similar to that of cyclin D3,
peaking in S phase. cdk2 kinase activity
is low in G1 phase and increases during S
phase, whereas the level of cdk2 protein
is constant during the cell cycle. These
patterns of change in cyclins and cdks in
murine erythroleukemia cells are similar
to those seen in growing HeLa and
MANCA cells (a human B cell line) (34-
36).
HMBA-induced differentiation of mu-

rine erythroleukemia cells is associated
with striking changes in these patterns of
expression of certain cyclins and cdks
(Fig. 1). During the transiently prolonged
G1 phase the level of cyclin A and the
activity of cdk2 remain low for the dura-
tion of G1 phase. The levels of cyclin A
protein and cdk2 kinase activity increase
as cells enter S phase. HMBA does not
alter the pattern offluctuation of cyclin E
compared with that in cells cultured with-
out inducer (33).

The most striking HMBA-induced
changes in the pattern of expression of
cyclins and cdks are a 20-fold decrease in
cdk4 protein, a 75% decrease in cdk4-
dependent kinase activity, and a 3-fold
increase in cyclin D3 protein level (33),
beginning during the initial prolonged G1
phase.
The striking decrease in cdk4 protein

reflects a marked decrease in its stability.
The rate of synthesis of the cdk4 protein
and the level ofmRNA are unaffected by
HMBA. The increase in cyclin D3 pro-
tein level in conjunction with a fall in
cdk4 protein results in a fraction of the
cyclin D3 not bound to the kinase, and it
is found in complex with hypophosphor-
ylated pRB. The transcription factor E2F
is also found in complex with cyclin D3 in
HMBA-cultured cells (33).
To evaluate the significance of the

HMBA-induced decrease in cdk4, mu-
rine erythroleukemia cells transfected
with cdk4 cDNA and with cdk2 cDNA
were isolated. Overexpression of cdk4
protein inhibits HMBA-induced differen-
tiation ofthese cells (33). Overexpression
of cdk2 protein does not have this effect.
These results suggest that selective sup-
pression ofcdk4 is critical during induced
terminal differentiation.

pRB and Related Proteins

pRB and the related proteins p107 and
p130 are implicated in the control of cell
cycle progression (21, 32, 37). The ability
of pRB to regulate cell progression
through G1 phase is controlled by phos-
phorylation and dephosphorylation ofthe
protein. It is thought that hypophosphor-
ylatedpRB is the active form in suppress-
ing progression through GI-to-S phase
(21, 32). Transforming growth factor 81
inhibits cell proliferation, causing cell
cycle arrest in G1 phase. This effect of
transforming growth factor (3 correlates
with an accumulation ofhypophosphory-
lated pRB (37) and is associated with
inhibition of cdk4 synthesis (38) and in-
hibition of the G1 cdks, such as cyclin
E-cdk2 (39). Similar changes in pRB
phosphorylation may be involved in reg-
ulating expression of differentiation (32).
pRB is hypophosphorylated in early G1

phase and is progressively phosphory-
lated during mid-to-late G1 phase, possi-
bly by cyclin D-cdk4 kinase (21, 32).
DNA tumor virus oncoproteins-such as
simian virus 40 large tumor antigen, the
adenovirus ElA, and the papilloma virus
E7-complex with pRB only in its under-
phosphorylated forms (32, 40-42). Com-
plex formation inactivates the growth
suppressor function of pRB, in part by
blocking a binding domain on pRB for
other cellular proteins such as E2F. As a
result, transcription of E2F-regulated
genes is suppressed (43). Genes with E2F
sites include DNA polymerase a, dihy-
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FIG. 1. Schematic representation of HMBA-induced changes in murine erythroleukemia
cell cycle progression, cyclins (cyl), cdks, pRB, p107, and globin gene expression. (t),
increased; ( I ), decreased. Phos, phosphorylated.

drofolate reductase, thymidylate synthe-
tase, c-myc, and c-myb, all of them en-
coding proteins involved in cell cycle
regulation and differentiation (43). The
phosphorylation of pRB during mid-to-
late G1 phase is accompanied by release
of transcription factor E2F from the
E2F/pRB complex and, presumably,
consequent activation of transcription of
these E2F-regulated genes. The HMBA-
induced initial G1 phase prolongation is
associated with an increase in the relative
amount of hypophosphorylated pRB (44,
45). The variant cell line (DS19/VCR/C)
has accelerated kinetics of HMBA-
induced differentiation, owing to com-
mitment ofa greater proportion ofcells to
differentiation during the first G1 phase
than with the variant DS19 cells. DS19/
VCR/C cells have a more marked in-
crease in the relative amount of hy-
pophosphorylated pRB during the initial
prolonged G1 phase than do DS19 cells.
With progressive recruitment of DS19
cells into the differentiation program, the
total amount of pRB and p107 increases,
and these increases are associated with
an increased proportion of cells arrested
in G1 phase. These studies suggest that
pRB and p107 participate in determining
HMBA-induced terminal cell division of
murine erythroleukemia cells. One hy-
pothesis that may explain the require-
ment for several cell cycles in the pres-
ence of HMBA to achieve terminal dif-
ferentiation of >95% of these cells is that
during the initial G1 phase only a fraction
of cells have sufficient levels of hy-
pophosphorylated pRB or related pro-
teins to permanently arrest cells in G1
phase. The remaining cells enter S phase
as the level of phosphorylated pRB in-
creases, but the relative amount of hy-
pophosphorylated pRB in a fraction of
the cells remains higher than in cells

cultured without inducer. With subse-
quent passage to G1 phase, a further
proportion of cells achieves levels of hy-
pophosphorylated pRB sufficient to
cause G1 phase arrest. With each subse-
quent cell cycle, cells are recruited to
arrest in G1 phase by this mechanism.

E2F Proteins

As indicated above, E2F proteins can
complex with cell cycle-regulatory pro-
teins, including pRB and p107, as well as
cyclins A and E and the cdks. The com-
plexing of E2F with these proteins inac-
tivates its promotor function and may
cause it to act as a repressor of gene
function (32, 43). In uninduced murine
erythroleukemia cells, E2F-DNA com-
plexes are present in at least two forms,
based on electrophoretic mobility (un-
published observations). The E2F com-
plex with the faster electrophoretic mo-
bility appears to be free E2F complexed
to DNA. By 8 hr of culture with HMBA,
this form of E2F complex is no longer
detected. The remaining complexes,
which persist during culture with in-
ducer, contain transcription factor E2F
associated with p107, cyclin A, and cdk2.
These findings suggest a role for p107 in
regulating the transcriptional activity of
E2F during HMBA-induced murine
erythroleukemia cell terminal differenti-
ation.

Phase I/II Clinical Trials with HMBA

After investigations on the effects of
HMBA on cells in culture, preclinical
animal pharmacokinetic and toxicology
studies, and phase I clinical trials (45, 46),
a phase II clinical trial was conducted
using HMBA to treat patients with my-
elodysplastic syndrome or acute myelog-

enous leukemia (47). Of 28 patients who
received at least two or more 10-day
courses of therapy, a complete remission
was observed in three patients (1.3- to
16-mo duration), and a partial remission
was seen in six patients (1- to 7-mo du-
ration). Further, these clinical studies
provided direct evidence thatHMBA can
induce differentiation oftransformed pre-
cursor cells in patients. In four separate
courses, a patient with myelodysplastic
syndrome with monosomy 7 karyotypein
bone marrow blast cells achieved periph-
eral blood granulocyte counts that ap-
proached normal levels. These morpho-
logically mature granulocytes carried the
chromosomal marker of the malignant
clone, monosomy 7.
HMBA caused severe thrombocytope-

nia, which limits its administration and its
efficacy. Recently, compounds have
been synthesized that are effective induc-
ers of transformed cells in culture at
concentrations as low as 1/500th of that
optimal for HMBA (Table 2). These
agents induce expression of differentia-
tion in several types of transformed cells
in culture, including murine erythroleu-
kemia cells (20), human promyelocytic
leukemia HL-60 cells (21), human breast
cancer (22), human colon carcinoma (21),
human melanoma (23), and others (5).
Compounds that are more potent as cy-
todifferentiation agents than HMBA and
without serious toxic side effects have to
be developed if hybrid polar compounds
are to provide effective drugs for induc-
ing differentiation of transformed cells,
as either therapeutic or chemopreventive
agents.

Conclusion

Considerable progress has been made
toward elucidating the pathway of induc-
tion of terminal differentiation of trans-
formed cells by hybrid polar compounds
such as HMBA. HMBA alters factors
controlling Gj-to-S phase transition,
leading to G1 arrest and inhibition of
DNA synthesis. Among the inducer-
mediated changes, suppression of cdk4,
which may be required for phosphoryla-
tion of pRB and perhaps p107, is critical
in the pathway of terminal differentia-
tion. Hypophosphorylated pRB, as well
as p107, can complex with transcription
factor E2F, which, in turn, may alter
E2F-dependent gene transcription. Much
less has been defined with respect to the
relationship of the inducer-mediated
changes in cycins, cdks, regulatory pro-
teins, and transcription factors and the
expression of differentiation-specific
genes. The hybrid polar compounds are
potent inducers of differentiation of a
wide variety of transformed cells, and
HMBA can induce differentiation of neo-
plastic cells in patients. Taken together,
our present knowledge suggests that
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Table 2. Hybrid polar compounds active as inducers of differentiation of
transformed cells

Optimal Transformed cells*

Compound concentration,,M MEL HL-60 HT-29

1. CH3- CH3 280,000 + + +

H HO
2. CH3-C-N-(CH2)6-N-C-CH3 5,000 + + +

0 0N N
3. (CH3)2-N-C-(CH2)6-C-N-(CH3)2 5,000 + + +

0 9
4. CH3-N-C-(CH2)6-C-N-CH3 5,000 + + +

CH3CH2q 0

5. (CH3)2-NZ-(CH2)5-$CH2)5-6-N-(CH3)2 200-600 + + +

0 OCH2CH3
0 0

6. HO-N-t-(CH2)6-6-N-OH 10-60 + + +

OH H

7. HO-N-F &&-OH NH-OH 10-60 + + +
H %C

H
+, Compound induces terminal differentiation of the transformed cells.

*MEL are murine erythroleukemia cells, HL-60 are human promyelocytic leukemia cells, and
HT-29 are human colon cancer cells.

these agents may be effective in treating
cancers.
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