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Metallothionein R N A  levels in HL-60 cells 

Effect of cadmium, differentiation, and protein kinase C activation 
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Metallothionein (MT) gene transcription is regulated in a developmental and tissue-specific manner by metal ions and 
other agents. We examined MT expression in the human promyelocytic leukemia cell line HL-60 during differentiation 
along macrophage and neutrophil lineages. All HL-60 phenotypes showed similar basal levels of MT RNA with signifi- 
cant induction following exposure to Cd 2+ but not activators of PKC. MT RNA did not correlate with growth state 
or with known levels of PKC activity, thus our data do not support a role for MT in HL-60 differentiation or for PKC 

in MT expression. 
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1. INTRODUCTION 

Metallothioneins (MTs) are small (6 kDa), con- 
served proteins which bind IB and IIB metal ions 
(Cu +, Ag +, Au +, Zn 2+, C d  2+, and Hg 2+) [1,2]. A 
role for MTs in metal metabolism and /o r  detox- 
ification is suggested by their extreme affinity for 
and their induction by these ions, and a correlation 
between levels of  MT expression and resistance to 
metal poisoning. However, other functions for 
MT, such as scavenging free hydroxyl radicals [3] 
and a role in stress response and control of cell 
growth and differentiation [4], have been postu- 
lated based on in vitro or circumstantial evidence. 

MT gene expression is predominantly regulated 
at the level of transcription [5-9]. Though the 
mechanism of  regulation is poorly understood, 
rapid induction occurs upon exposure to metals [5] 
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and, in mammalian cells, to various circulating 
factors such as glucocorticoid hormones [6], a-  
interferon [7], and interleukin-1 and other media- 
tors of  the inflammatory response [8,9]. It has 
been suggested that a common pathway for MT in- 
duction involves protein kinase C (PKC) activation 
since MT levels increase in serum-starved cells 
after treatment with growth factors and TPA, 
agents which function in part through PKC activa- 
tion [10,11]. However, data showing that multiple 
cis- and trans-acting factors involved in the TPA 
response act in a gene- and tissue-specific manner 
are accumulating [12]. 

Since changes in PKC activity have been well 
characterized during differentiation of HL-60 
human promyelocytic leukemia cells [13], it was of  
interest to examine the effect of cadmium and ac- 
tivators of  PKC on MT RNA levels. The active 
vitamin D3 metabolite, calcitriol (1,25-di(OH) 
vitamin D3) [14] and TPA (alone [15] or syner- 
gistically with calcium ionophore [16]) induce 
HL-60 cells to acquire macrophage-like character- 
istics, while retinoic acid (RA) induces maturation 
to neutrophil-like cells [17-19]. We found that MT 
is induced by C d  2+ in all phenotypic states of  

Published by Elsevier Science Publishers B. V. (Biomedical Division) 
00145793/88/$3.50 @ 1988 Federation of European Biochemical Societies 159 



Volume  241, n u m b e r  1,2 FEBS L E T T E R S  December  1988 

H L - 6 0  cel ls ,  t h a t  d o s e -  a n d  t i m e - r e s p o n s e s  a re  a f -  

f e c t e d  s l i gh t ly  b y  d i f f e r e n t i a t i o n ,  b u t  t h a t  P K C  ac-  

t i v a t i o n  a p p e a r s  n e i t h e r  n e c e s s a r y  n o r  s u f f i c i e n t  

f o r  M T  i n d u c t i o n  in H L - 6 0  cells .  

2. M A T E R I A L S  A N D  M E T H O D S  

2.1. Cell culture 
HL-60 cells (American Type Culture Collection) were grown 

as described previously [16]. To induce differentiation, cultures 
were treated with 20 nM TPA or 1 nM TPA plus 400 nM 
A23187 for 2 days, or 100 nM calcitriol or 1 ,aM RA for 5 days, 
and monitored by standard procedures including morphology, 
cell cycle exit, adherence, and biochemical markers [16,20]. 
Stock solutions of TPA (1000 x in ethanol), RA (1000 x in 
ethanol), and calcitriol (1000 × in dimethylsulfoxide) were 
stored at - 20°C. CdCI2 was added from a sterile stock solution 
(1000 × in water) to final concentrations as indicated. 

2.2. Total cellular RNA preparation 
Total cellular RNA was prepared by a modified guanidinium 

isothiocyanate method and quantified with a Sequoia-Turner 
model 450 fluorometer [21,22]. Possible DNA contamination 
was determined by fluorometer measurements after digestion 
with pancreatic RNase (10"ag/ml, 5 min, room temperature). 

2.3. RNA dot blot analysis 
RNA was spotted (0.5 "ag per dot) in quadruplicate onto 

nitrocellulose and processed as described [21,23] with one of 
two end-labelled synthetic oligonucleotides complementary to 
highly conserved regions of human MT mRNA (bases 79-96 
and 670-689 [24]). These probes were highly specific for MT 
RNA (fig.l), but one probe (MTAP) also reacted significantly 
with human genomic DNA (not shown). Therefore RNA 
preparations containing more than 5°7o DNA contamination 
were repurified or discarded. MT RNA was detected by over- 

night hybridization at 48°C and washing 4 times (5 min each) 
with 2 × SSC at 48°C before autoradiography. Autoradiograms 
were quantified by densitometric scanning after exposure for 
various lengths of time to obtain signals within the linear range 
of the film. MT signals were normalized to total poly(A) + RNA 
by using an oligo(dT)18 probe on both identical and replicate 
filters [21]. The mean (+_ SD or +_ SE, as indicated) of the 
quadruplicate averages from independent experiments is 
reported. Northern analyses (not shown) gave similar results, 
but were less reproducible than dot blots. 

3. R E S U L T S  A N D  D I S C U S S I O N  

3.1 .  Ef fec t  o f  di f fe  ontiation on basal levels o f  
M T  RATA 

I n  t h e  a b s e n c e  o f  m e t a l  i on  i n d u c t i o n ,  H L - 6 0  

cel ls  e x p r e s s  low,  v a r i a b l e  levels  o f  M T  R N A  c o m -  

p a r a b l e  to  p e r i p h e r a l  b l o o d  l e u k o c y t e s  a n d  o t h e r  

cel l  t y p e s  ( f ig .2 ,  t a b l e  1, a n d  u n p u b l i s h e d  d a t a ) .  

T h e r e  was  n o  s i g n i f i c a n t  c h a n g e  in  b a s a l  M T  R N A  

leve ls  u p o n  t e r m i n a l  d i f f e r e n t i a t i o n  d u r i n g  t he  

t i m e  f r a m e  o f  ce l l -cyc le  exi t  (6 h f o r  d i f f e r e n t i a t i o n  

w i t h  T P A  [15], 1 d a y  fo r  d i f f e r e n t i a t i o n  w i t h  

c a l c i t r i o l  [14], a n d  3 - 4  d a y s  w i t h  R A  [17]).  T h u s ,  

c h a n g e s  in M T  R N A  levels  a re  n o t  a n  ea r ly  e v e n t  

in  t e r m i n a l  d i f f e r e n t i a t i o n  o f  H L - 6 0  cells,  w h i c h  

a r g u e s  a g a i n s t  a c e n t r a l  ro le  f o r  M T  in  c o n t r o l  o f  

cel l  p r o l i f e r a t i o n  [4 ,10] .  H o w e v e r ,  l o n g - t e r m  

c u l t u r e  o f  cells  d i f f e r e n t i a t e d  w i t h  T P A  s h o w e d  a 

s i g n i f i c a n t  d e c r e a s e  in  b a s a l  M T  R N A  levels  ( t a b l e  

1). T h i s  m a y  n o t  b e  a n  M T - s p e c i f i c  e v e n t  s ince  

t h e s e  cells  h a v e  r e d u c e d  v i a b i l i t y  ( n o t  s h o w n ) .  

1 33/34 
MetAspProAsnCysSerCysAla ............... CysCysSerCysCysPro 

5' AUGGAUCCCAACUGCUCCUGCGCCGCC ........ AGGCUGCUGCUCCUGCUGCCCUGUGGG MT-IIA 

5' AUGGACCCCAACUGCUCCUGCGCCACU ........ GAGCUGCUGCUCCUGCUGCCCCAUGAG MT-IA 
5' AUGGAUCCCAACUGCUCCUGCACCACC ........ GUGCUGCUGCUCUUGCUGCCCCGUGGG MT-IB 

• o , . . . . , , , , , . . o o o .  , . o . , o . , . .  . , . ° o * . .  
- . , . , o , , , , , , , . . o o ,  , , . . * . o . . * . , o , . , , ° . ,  

3' GGGTTGACGAGGACGCGG 5' 3' TCGACGACGAGGACGACGGG 5' 
MTAP5' MTAP 

PROBES 

pUC pUCMT 
~o 7 ~o 8 lo 6 ~o 7 lo  8 

Q 

Fig.1. MT oligonucleotide probes. Oligonucleotide (MTAP5' ,  MTAP) complementary to two regions of human MT mRNAs (top) 
were synthesized and used for hybridization on RNA dot blots as described in section 2. Specificity of the probes is shown by 
hybridization of MTAP to a MT-cDNA plasmid (pUCMT) but not the parent plasmid (pUC). The number of linear plasmid molecules 

applied to the nitrocellulose filter is indicated above the dots. 
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Fig.2. Dot blot analysis of MT RNA. Total cellular RNA from 
CdZ+-induced HL-60 cells was spotted onto nitrocellulose filters 
and probed with a synthetic oligonucleotide complementary to 
MT mRNA (MT) or with oligo(dT),s, as described in section 2. 
Cells were either undifferentiated (und) or differentiated along 
the macrophage lineage with 20 nM TPA for 2 d (TPA), 1 nM 
TPA plus 400 nM A23187 for 2 d (syn) or 100 nM calcitriol 
(D3) for 5 d, or along the neutrophil lineage with 1/zM retinoic 
acid (RA) for 5 d prior to incubation with Cd 2+. A represen- 
tative autoradiogram of a 6 h Cd 2+ dose response is shown. 

3.2. Effec t  o f  differentiation on cadmium 
induction o f  M T  RATA 

Because basal  M T  R N A  levels did not  vary 
s ignif icant ly  with d i f ferent ia t ion  and  were relative- 
ly low and difficult  to quant i fy ,  induc t ion  with 
Cd z+ was de termined relative to the m a x i m u m  in- 
duc t ion  observed in a given experiment .  Incuba-  
t ion  of  both  different ia ted and  undi f ferent ia ted  
HL-60  cells for 6 h with increasing concent ra t ions  
of  Cd 2+ led to a significant  elevation of  M T  R N A  
(fig.3, left panel)  which reached 20- to 45-fold 
basal  levels in bo th  undi f ferent ia ted  and  differen- 
t iated cells after exposure to 64/~M Cd 2÷. In  other 
experiments ,  MT R N A  levels were substant ia l ly  
reduced after t rea tment  with 240/~M Cd 2+ (not  
shown) p robab ly  due to acute cytotoxic effects of  
high Cd z+ concent ra t ions .  Both macrophage-  and  
neut rophi l - l ike  different iated cells were less sen- 
sitive at 6 h to lower concent ra t ions  of  Cd 2+ than  
undi f fe ren t ia ted  cells. It is not  known  whether this 
difference reflects altered Cd z+ uptake  or MT 
response,  or if it correlates with resistance to Cd 2+. 

To  investigate the t ime course of M T  RNA  in- 
duc t ion  in HL-60  cells, we chose a relatively low 
concen t ra t ion  of  Cd 2+ since levels which give a 
peak response after acute exposure eventual ly  af- 

Table 1 

Basal MT RNA expression 

Differentiated states Relative basal level 

Macrophage-like cells 
TPA 2 d 
TPA 4 d 
Calcitriol 5 d 
TPA + A23187 2 d 

Neutrophil-like cells 
RA5d  
R A 7 d  

0.87 ±0.38 (n= 8) 
0.26 ± 0.06* (n = 2) 
0.68 ± 0.17 (n = 2) 
0.68 ± 0.28 (n = 2) 

0.80 ± 0.28 (n = 7) 
1.06 (n = 1) 

Uninduced levels of MT RNA levels were determined in HL-60 
cells differentiated as indicated. Values are mean _+ SD of 
replicate determinations relative to uninduced cells. Levels 
significantly different (p < 0.05) from undifferentiated cells are 

marked with an asterisk 

fect d i f ferent ia t ion  and  viabili ty (unpubl ished) .  
Di f fe ren t ia t ion  altered the t ime course of  MT 
R N A  induc t ion  at 4/~M Cd 2÷ (fig.3, right panel):  
while control  cells ma in ta ined  or increased their in- 
duced MT R N A  level, different iated cells had 
reduced levels after 12-24  h of  con t inuous  cad- 
m i u m  t rea tment .  In summary ,  MT R N A  was clear- 
ly induced with Cd 2÷ in all HL-60 phenotypes ,  but  
the dose- and  t ime-responses were dependent  on 
the different ia ted state. M T  protein  levels were 
measured  in a subset of  these studies and  found  to 
cor respond to MT R N A  levels (not shown).  

3.3. P K C  activation is neither necessary nor 
sufficient f o r  M T  induction in HL-60 cells 

T P A - i n d u c e d  macrophage  d i f ferent ia t ion  of  
HL-60  cells is thought  to result in part  f rom pro- 
longed PKC act ivat ion [25]. However,  con t inua l  
exposure of  HL-60 cells to T P A  severely down-  
regulates PKC activity by 6 - 1 2  h [19], p resumably  
th rough  proteolysis [26]. Similar rapid loss of  
specific phorbol  ester b ind ing ,  PKC activity and  
immunoreac t iv i ty  has been observed after mito-  
genic s t imula t ion  of  3T3 fibroblasts  with T P A  
[27,28]. In  contrast ,  P K C  activity increases 2 - 4 -  
fold in HL-60 cells after d i f ferent ia t ion  with RA or 
calcitriol [19]. Thus,  if PKC activity was involved 
in M T  induct ion ,  a decreased response to Cd 2÷ 
would  be expected in TPA-d i f fe ren t i a ted  HL-60 
cells, while RA- or calci tr iol-differentiated cells 
might  have an augmented  response.  The dose 
response after 6 h exposure to Cd 2+ (fig.3) shows 
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Fig.3. Dose and time response of Cd 2÷ induction of MT RNA. 
Undifferentiated or differentiated HL-60 cell cultures (as 
described in fig .2) were incubated with indicated concentrations 
of CdCI2 for 6 h (left panel) or with 4/~M CdCI2 for indicated 
periods of time (right panel). In each experiment, MT RNA 
levels, normalized to the abundance of poly(A) + species in the 
total cellular RNA preparation, were expressed as a percentage 
of maximum induction observed in that experiment. Shown are 
the means (_+ SE) for 2 experiments. Where not indicated, 

standard errors lie within the data symbols. 

Table 2 

Effect of TPA on MT RNA expression 

(a) Undifferentiated cells 

Time (h) TPA (nM) 

0.5 2 4 8 16 64 100 200 

1 1 .0  0.9 0.8 0.7 0.9 0.8 
6 1.0 - - 0.8 0.6 0.5 0.5 0.6 

16 0.8 0.9 0.9 0.8 0.9 0.8 - - 
48 0.9 1.0 1.0 1.4 0.9 0.9 - - 

(b) Retinoic acid differentiated cells treated with 20 nM TPA 

Time (h) 0 0.08 0.33 1 4 6 24 48 

Relative RNA 1 1.5 1.6 1.4 1.1 1.4 1.3 1.2 

Levels of MT RNA were determined in undifferentiated (a) and 
retinoic acid differentiated HL-60 cells (1 uM RA, 5 d) after 
treatment with TPA as indicated. Values are means relative to 

untreated cells from two experiments 

t iated and retinoic ac id-di f ferent ia ted  cells were ex- 
posed wi thout  Cd 2+ t rea tment  to concent ra t ions  of  
T P A  known to act ivate P K C  [25] (table 2). As 
shown,  even very high concent ra t ions  o f  T P A  fail- 

ed to s ignif icantly increase M T  R N A  levels. We 

observed  a similar,  negligible effect  o f  T P A  on 
H e p G 2  cells grown under  normal  culture condi-  

t ions (1.3-fold induct ion  af ter  8 h exposure  with 

170 nM TPA) .  It is no tewor thy  that  in f ibroblasts ,  
H e L a  and HepG2  ceils, Imbra  and Karin [10] 

repor ted  M T  induct ion  with T P A  and other  

mi togens  after  serum s tarvat ion  for 40 h. M T  in- 

duc t ion  fo l lowing mi togenic  s t imulat ion o f  serum- 

s tarved cells may  involve mechanisms other  than,  
or  in addi t ion to P K C  act ivat ion.  It is also possible 
that  M T  induct ion  by P K C  act ivators  is tissue- 

specific,  much  like the g lucocor t ico id  response 
[2,6]. 

that  nei ther  o f  these predict ions  is substant iated.  
Similar ly ,  the t ime course o f  M T  induct ion  by 
Cd  2+ peaked  at 6 h and decreased thereaf ter  in- 

dependen t  o f  the m o d e  o f  d i f fe ren t ia t ion  (fig.3). 

Thus ,  P K C  activi ty does not  corre la te  with, or ap- 
pear  necessary for,  Cd 2+ induc t ion  o f  MT R N A .  

To  test whether  P K C  act iva t ion  alone is suffi-  
cient for  M T  induc t ion  in HL-60  cells, as suggested 
for  se rum-s ta rved  p r imary  human  f ibroblasts ,  

H e L a  and H e p G 2  cell lines [10], bo th  undi f fe ren-  

3.4. Role o f  metallothionein in control o f  
oxidative damage 

P h o r b o l  esters induce the superoxide burst  o f  
HL-60  cells d i f ferent ia ted  along the neut rophi l  or  

m a c r o p h a g e  l ineage with R A  or calcitriol,  respec- 
t ively [14,17]. In vivo,  the superoxide burst  results 

in intracel lular  release o f  active oxygen species nor-  
mal ly  involved in des t ruct ion o f  phagocytosed 
microorgan isms .  Since the act ion o f  free radicals 
appears  nonspecif ic ,  it has been proposed  that  pro-  

teins such as superoxide dismutase and metal lo-  
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t h i o n e i n  p r o v i d e  s e l f - p r o t e c t i o n  by  n e u t r a l i z i n g  
s u p e r o x i d e  a n i o n s  and  f ree  h y d r o x y l  rad ica l s ,  re- 

spec t ive ly  [3]. O u r  resul ts  d o  n o t  s u p p o r t  a ro le  o f  

M T  in t he  spec ia l i zed  f u n c t i o n  o f  m a c r o p h a g e s  

a n d  n e u t r o p h i l s  s ince ne i the r  o f  these  l ineages  o f  
H L - 6 0  cells exp re s sed  e l eva t ed  M T  R N A ,  n o r  was  

M T  R N A  i n d u c e d  by  T P A .  S imi l a r  resul t s  h a v e  
b e e n  o b s e r v e d  in s tudies  o f  h u m a n  p e r i p h e r a l  

b l o o d  p o l y m o r p h o n u c l e a r  cells  ([29] a n d  H a r l e y  et 
a l . ,  in  p r e p a r a t i o n ) .  T h e s e  o b s e r v a t i o n s  d o  n o t  ex- 

c l u d e  a ro le  fo r  the  low,  ba sa l  levels  o f  M T  in 
s c a v e n g i n g  f ree  rad ica l s .  
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