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Articles

Differential Expression of Human Metallothionein Isoform I mRNA in Human
Proximal Tubule Cells Exposed to Metals
Scoft H. Garrett, Seema Somji, John H. Todd, Mary Ann Sens, and Donald A. Sens
Robert C. Byrd Health Sciences Center, Department of Pathology, West Virginia University, Morgantown, WV 26506 USA

In contrast to the single metallothionein (Mr-1 gene of the mouse, the human MT-1 gene fam-
ily is composed of seven active genes and six pseudogenes. In this study, the expression ofmRNA
representing the seven active human MT-1 genes was determined in cultured human proximal
tubule (HPT) cells under basal conditions and after exposure to the metals Cd2, j2+, Cu2t,
Ht+, Ag2+, and Pb2+. Basal expression of MT-1X and MT-1E mRNA in HPT cells was similar
to eptession of the housekeeping gene glyceraldehyde 3-phosphate dehydrogenase. In contrast,
mRNAs representing the basal expression of MT-IA and MT-1F were a minor transcript in
HPT cells. Treatment of HPf cells with Cd2+, Zn2, or Cu2+ increased the levels ofMT-1E and
MT-1A mRNA, but not the levels ofMT-lX or MT-1F mRNA. The increase in MT-1E mRNA
appeared to be influenced mainly by exposure to the various metals, whereas the increase in MT-
lA mRNA was influenced more by exposure to a metal concentration eliciting a loss of cel via-
bility. Treatment ofHPT cels with the metals Ht2+, At*, and Pb2+ was found to have no effkct
on the levl of MT-1 mRNA at either sublethl or lethal concentrations. Using HPT cells as a
model, these results suggest that new features of MT gene expression have been acquired in the
human due to the duplication of the MT-1 gene. Key words cadmium, copper, gene expression,
heavy metals, lead, mercury, metallothionein, mRNA, proimal tubule, RT-PCR, reverse tran-
scrptase-polymerase chain reaction, silver, zinc. Environ Heahc Perect 106:825432 (1998).
[Online 17 November 1998]
bthp:/Iehpnetl.niehs.ni.gov/docs/1998/106p825-832garrttlabssr atml

The extrapolation of environmental studies
from animal models to humans is potential-
ly compromised when areas of examination
involve human gene families with increased
organizational complexity. A prime example
is the human metallothionein (MT) gene
family, in which gene organization is more
complex in humans than in commonly used
model systems. In both mice and humans,
there are four classes of similar MT pro-
teins, designated MT-1 through 4, defined
on the basis of small differences in sequence
and charge characteristics (1-3). For both
species, the MT-1 and MT-2 proteins
exhibit a ubiquitous pattern of tissue
expression, whereas expression of the MT-3
and MT-4 family members is highly
restricted (3-5). However, the gene organi-
zations underlying the expression of the
protein isoforms are quite different. In the
mouse, the genes encoding the four MT
isoforms are single-copy genes, and no MT
pseudogenes are known to exist. The mouse
MT-1 and MT-2 genes are separated by
approximately 6 kb on chromosome 8 and
appear to be coordinately regulated with
functionally equivalent protein products
(3,6). The MT-3 and MT-4 genes are
closely linked to but not coordinately regu-
lated with the other MT genes on mouse
chromosome 8 (4,5). In contrast to the four
single genes of the mouse, the human MT
gene family is represented by 10 functional
and 7 nonfunctional genes located at 16qi3
(4,5,7,8). The genes encoding the MT-2, 3,

and 4 isoforms are similar in number to
the rodent (there is an MT-2 processed
pseudogene on chromosome 2), but the
human MT-1 locus possesses numerous
MT-1 isoforms that are not present in the
mouse (7,8). The human MT-1 gene locus
is composed of seven functional genes and
six pseudogenes. Complete genomic
sequences are available for the seven active
genes: MT-1A (9), MT-1B (10), MT-1E,
MT-iF, MT-IG (11,12), MT-1H, and
MT-1X (8). The potential significance of
this duplication event is underscored by
the fact that the human MT-1 isoforms
genes have been shown to exhibit unique
expression profiles with examples of induc-
er-specific, tissue-specific, and develop-
mental-specific regulation (9,13-17).

The MTs are widely recognized and
accepted as a major weapon in the cell's
armamentarium for protection against and
recovery from environmental insult. They
are a dass of low molecular weight (Mr =
6,000-7,000), cysteine-rich, inducible,
intracellular stress proteins that are best
known for their high affinity for binding
heavy metals. They are believed to serve an
important role in the homeostasis of essen-
tial metals such as Zn2+ or Cu2+ during
growth and development as well as in the
detoxification of heavy metals such as Cd2+
and Hg+; rendering the MTs important
mediators/attenuators of heavy metal-
induced toxicity, particularly hepato- and
nephrotoxicity (1,3,18-20). To begin to

define the regulation of expression of the
MT gene family in human tissues and cells
exposed to metals, we have undertaken an
analysis of the metal-induced expression of
the MT gene family in cultures of human
proximal tubule (HPT) cells. This cell cul-
ture system was chosen because the kidney,
and the proximal tubule in particular, rep-
resent an organ and cell type that are criti-
cally affected by chronic Cd2+ exposure in
both animals and humans (21-23). We
report here the expression of mRNA for
each active MT-1 isoform in HPT cells as a
function of exposure to Cd2+, Zn2+, Cu2+,
Ag2+, Hg2+, and Pb2+ at both lethal and
sublethal concentrations.

Materials and Methods
Cell culture, metal treatments, and viability
determinations. Total RNA samples for the
analysis of MT-1 isoforms expression were
obtained from a previous study that exam-
ined the viability and MT protein accumu-
lation of HPT cells when exposed to sub-
lethal and lethal concentrations of Cd2+,
Zn2+, Cu2+, Ag2+, Hg2+, and Pb2+ (24).
Stock cultures of HPT cells were grown in
75-cm2 T-flasks with a serum-free growth
medium and a collagen matrix using proce-
dures recently detailed (25). For use in
experimental protocols, the cells were sub-
cultured at a 1:2 ratio, allowed to reach con-
fluence (6 days following subculture), and
then exposed to media containing the vari-
ous concentrations of metals. Thereafter, the
cells were fed every 3 days with media con-
taining the various concentrations of metals.
We chose metal concentrations so that over
a 16-day time course there would be situa-
tions where a loss of cell viability occurred
and situations where exposure elicited no
loss of cell viability. Metal concentrations
eliciting these various levels of toxicity were
determined in preliminary experiments. The
effect of the individual components of the
serum-free medium on the level of metal
needed to elicit HPT cell toxicity has not
been determined. These concentrations were
determined to be 9, 27, and 45 pM for
Cd2+; 20, 40, and 60 jiM for Hg2+; 50, 100,
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Figure 1. Expression of MT-1A and glyceraldehyde 3-phosphate dehydrogenase (G3PDH) mRNA in three
HPT cell isolates. Reverse transcriptase-polymerase chain reaction (RT-PCR) products were elec-
trophoresed on 2% agarose gels containing 0.5 pg/mI ethidium bromide. (A) Full gel showing reaction
products for MT-1A from one cell isolate sampled at 30, 35, and 40 PCR cycles. (B) Full gel showing reac-
tion products for G3PDH from the same isolate sampled at 30, 35, and 40 PCR cycles. (C) Expression of
MT-1A (cycle 40) and G3PDH (cycle 30) for three cell isolates.

and 150 pM for Ag2+; 50, 100, and 200
pM for Pb2+; 100, 200, and 300 pM for
Zn2+; and 250, 500, and 750 pM for Cu2+
(24). Total RNA samples were obtained
after 1, 4, 7, 10, 13, and 16 days of metal
exposure and were used for the analysis of
MT-1 isoform specific mRNA expression.
Three isolates of HPT cells were used to
control for possible variations in metal sus-
ceptibility. These isolates were derived from
normal cortical tissue obtained from kid-
neys removed for renal cell carcinoma. All
cultures displayed senescence by subculture
25. We used HPT cells between passages 5
and 8. Subcultured HPT cells have been
shown to retain original light and ultra-
structural morphology, active transport
capability as assessed by dome formation
and electrical properties, and the stimula-
tion of cAMP by angiotensin but not by
vasopressin (26).

RNA isolation and RT-PCR. Total
RNA was isolated according to the protocol
supplied with TRI REAGENT (Molecular
Research Center, Inc., Cincinnati, OH) as
described previously (24,27). The concen-
tration and purity of the RNA samples were
determined using spectrophotometer scan in
the UV region and ethidium bromide
(EtBr) visualization of intact 18S and 28S
RNA bands following agarose gel elec-
trophoresis. Total RNA (0.5 pg) was ana-
lyzed by reverse transcriptase-polymerase
chain reaction (RT-PCR) as described previ-
ously (24,27). The primers developed for
analysis of each of the active MT genes have
been previously described (27). The primers
for mRNA analysis were upper 5'CTC-
GAAATGGACCCCAACT3' and lower
5'5'ATATCTTCGAGCAGGGCTGTC3'
yielding a 219-bp product for MT-1A;
upper 5'GCTTGTCTTGGCTCCACA3'

27 FM

45iM

Figure 2. Expression of MT-1A mRNA in human
proximal tubule cells exposed to cadmium.
Reverse transcriptase-polymerase chain reaction
for MT-1A was performed as described using
RNA isolated on days 1, 4, 7, 10, 13, and 16 of Cd
exposure. Reaction products sampled at 40
cycles are shown for the control and 9 pM con-
centration for isolate 1 (A) and for controls and
three concentrations of Cd for isolates 2 (C) and 3
(D). Samples representing higher levels of expo-
sure for isolate 1 were removed at 35 cycles (B).
In all three isolates the expression of glyceralde-
hyde 3-phosphate dehydrogenase was constant
(data not shown).

and lower 5'AGCAAACCGGTCAGG-
TAGTTA3' yielding a 287-bp product for
MT-1B; upper 5'GCTTGTTCGTCT-
CACTGGTG3'and lower 5'CAGGTT-
GTGCAGGTTGTTCTA3' yielding a
284-bp product for MT-1E; upper 5'AGT-
CTCTCCTCGGCTTGC3. and lower
5 'ACATCTGGGAGAAAGGTTGTC3'
yielding a 232-bp product for MT-1F;
upper 5'CTTCTCGCTTGGGAACTC-
TA3' and lower 5'AGGGGTCAAGAT-
TGTAGCAAA3' yielding a 309-bp prod-
uct for MT-1G; upper 5'CCTCTTCT-
CTTCTCGCTTGG3' and lower 5'GCA-
AATGAGTCGGAGTTGTAG3' yielding
a 315-bp product for MT-iH; and upper
5 'TCTCCTTGCCTCGAAATGGAC3'

Volume 106, Number 12, December 1998 * Environmental Health Perspectives826
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Figure 4. Expression of MT-1E and glyceraldehyde 3-phosphate dehydrogenase (G3PDH) mRNA in three
HPT cell isolates. Reverse transcriptase-polymerase chain reaction for MT-1E and G3PDH mRNA was
performed as described on RNA obtained on days 1, 4, 7, 10, 13, and 16 of cell culture. Reaction products
were removed at 30 cycles.
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Figure 3. Expression of MT-1A mRNA in isolate 1
exposed to Zn, Cu, Hg, Ag, and Pb. Reverse tran-
scriptase-polymerase chain reaction for MT-1A
was performed as described on RNA obtained on
days 1, 4, 7, 10, 13, and 16 of metal exposure.
Isolate 1 was exposed to the following metals at
the indicated concentrations: (A) Zn, (B) Cu, (C)
Hg, (D) Ag, and (E) Pb. Reaction products were
removed at 40 cycles for all metals except for Zn,
which was removed at 30 cycles. The expression
of glyceraldehyde 3-phosphate dehydrogenase
was constant (data not shown).

and lower 5'GGGCACACTTGGCA-
CAGC3' yielding a 151-bp product for
MT-1X. Primers for glyceraldehyde 3-phos-
phate dehydrogenase (G3PDH) mRNA
were obtained commercially (Clontech, Palo
Alto, CA). The thermocycler was pro-
grammed to cycle at 95°C for a 2-min initial
step, then 950C for 15 sec and 680C for 30
sec, with a final elongation step at 680C for
7 min. Controls for each reaction included a
no-template control where water was added
instead of the RNA and a no-reverse tran-
scriptase contr-ol where water was added
instead of the enzyme. Samples were
removed at 30, 35, and 40 PCR cycles to
ensure that the reaction remained in the lin-
ear region. The final PCR products were
electrophoresed on 2% agarose gels contain-
ing EtBr along with DNA markers.

Results
MT-1A. The initial experimental goal was
to define the basal level of MT-IA mRNA
expression in HPT cells not exposed to
metals. We used mRNA expression for the
housekeeping gene G3PDH as a compari-
son for MT-IA mRNA expression. The
reactions were stopped and samples
removed for analysis at 30, 35, and 40 PCR
cycles. The results demonstrated that basal
expression of MT-1A mRNA was very low
in HPT cells, demonstrating only a faint
band or no band for the reaction product
following 40 PCR cycles for the 3 HPT cell
isolates (Fig. lA,C). This is in contrast to
G3PDH, where the same total RNA input
demonstrated a convincing reaction prod-
uct corresponding to G3PDH mRNA at 30
PCR cycles (Fig. IB,C). These findings
indicate that HPT cells have a low basal
expression ofMT-IA mRNA.

The effect of Cd2+ on the expression of
MT-IA mRNA was also determined on the
three independent HPT cell isolates after 1,
4, 7, 10, 13, and 16 days of exposure. Three
concentrations of Cd2+ (9, 27, and 45 pM)
were used in the time course so that the cells

experienced both lethal and sublethal levels
of Cd2P exposure (24). Expression of MT-
IA was increased in HPT cells as a result of
Cd2+ exposure, and this increase was most
pronounced at Cd2+ concentrations eliciting
a loss of HPT cell viability (Fig. 2). For iso-
late 1, exposure to 9 pM Cd2+ elicited no loss
of cell viability over 16 days of exposure, and
MT-IA mRNA levels (at 40 reaction cycles)
exceeded control levels, appearing to increase
early in the time course and then decrease
(Fig. 2A, upper panel). After exposure to
either 27 or 45 jM Cd2+, where a loss of cell
viability occurs late and early, respectively, in
the time course, MT-1A mRNA levels were
dearly increased over control values. This is
effectively illustrated at 35 reaction cycles,
where convincing product bands corre-
sponding to MT-1A mRNA are present for
Cd2+-treated cells, but totally absent in con-
trol cells (Fig. 2A, lower panel). The second
cell isolate was more susceptible to Cd2+ and
demonstrated a loss of cell viability after 1
day of exposure to 27 jM Cd2+. At the lower
concentration of Cd2+ (9 gM), where cell
loss was minimal during the time course,
MT-IA mRNA levels were clearly elevated
over control values (Fig. 2B). As was the case
for the first isolate, at the lowest concentra-
tion of Cd2+ MT-1A mRNA levels appeared
to increase early in the time course and
return to undetectable levels by day 16 of
exposure. The third cell isolate had a pattern
of susceptibility to Cd2+ comparable to the
first isolate and showed increased MT-1A
mRNA levels and a similar pattern of MT-
1A mRNA expression (Fig. 2C). These find-
ings demonstrate that exposure to Cd2+
results in a repeatable increase in the level of
MT-1A mRNA for three independent HPT
cell isolates and that this increase is most
pronounced at Cd2+ concentrations that
impact cell viability.

A single HPT cell isolate was used to
determine if MT-lA mRNA accumulation
is increased after exposure to lethal and sub-
lethal concentrations of Zn2+, Cu2+, Hg2+,

Environmental Health Perspectives * Volume 106, Number 12, December 1998
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Ag2+, and Pb2+. HPT cells exposed to Zn2+
demonstrated an increased accumulation of
MT-IA mRNA at all three concentrations
compared to control (Fig. 3A). The increase in
MT-IA mRNA correlated to the level of Zn2+
exposure and was most pronounced at the
highest concentration, where a loss of cell via-
bility occurred. Analysis of MT-1A mRNA
accumulation in Cu2+-exposed HPT cells
demonstrated increased accumulation of MT-
1A mRNA similar to cells exposed to either
Zn2+ or Cd2+ (Fig. 3B). In contrast to the
increased accumulation of MT-lA mRNA
demonstrated for HPT cells exposed to CP,
Zn2+, and Cu2 , there was no increase in the
accumulation ofMT-lA mRNA for HPT cells
exposed to Hg2+, Ag+, or Pb2+ (Fig. 3C-E).
The lack ofMT-IA accumulation was noted at
the highest concentrations of Hg2e, Ag2, and
Pb2+ that were previously determined to elicit a
loss ofHPT cell viability (24). For the six met-
als assessed, these findings demonstrate that
only exposure to Cd2P, Zn2', or Cu2+ results in
increased HPT cell accumulation of MT-IA
mRNA.

MT-IE. The basal expression level ofMT-
1E mRNA was evaluated in three HPT cell iso-
lates using the total RNA samples described
above. Results demonstrated that basal expres-
sion of MT-1E mRNA was evident after 30
PCR cycles for each HPT cell isolate. Product
intensities were comparable to those noted for
the G3PDH housekeeping gene at an identical
cycle number (Fig. 4). Although a qualitative
observation, the relative intensities of the MT-
1 E mRNA reaction products varied among the
cell isolates, with isolate 1 demonstrating a
more intense reaction product at 30 reaction
cycles. This is interesting because isolate 1 has
been shown to be the most resistant to the
lethal effects of Cd2+ exposure, followed by iso-
lates 3 and 2 (24).

The effect of Cd2+ on the expression of
MT-IE mRNA was also determined for the
HPT cell isolates. Results showed increased
expression ofMT-1E for all three HPT cell iso-
lates as a result ofCd2+ exposure (Fig. 5), as evi-
denced by the notable increase in MT-1E
mRNA at the lowest levels of Cd2+ exposure
that produced no loss of cell viability. The
Cd2+-induced increase in MT-1E was not con-
centration dependent. A single HPT cell isolate
was used to demonstrate that exposure to both
Zn2+ and Cu2+ elicited an increase in MT-1E
mRNA (Fig. 6A,B). As was the case for MT-1E
mRNA of Cd2P-exposed cells, the increase in
expression compared to control was evident at
the lowest levels of Zn2+ and Cu2+ exposure
where there was no loss of HPT cell viability.
There were only slight increases in MT-1E
mRNA accumulation as dosage levels of Zn2+
and Cu2+ were increased. The level of MT-1E
mRNA was not increased over control when
cells were exposed to Hg2+, Ag2+, or Pb2+ at
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Figure 5. Expression of MT-1E mRNA in human
proximal tubule (HPT) cells exposed to Cd.
Reverse transcriptase-polymerase chain reaction
for MT-1E was performed as described on RNA
from three HPT cell isolates (A,B,C) obtained on
days 1, 4, 7, 10, 13, and 16 of Cd exposure.
Reaction products were removed at 30 cycles for
the control and three levels of Cd exposure.
Glyceraldehyde 3-phosphate dehydrogenase
expression was constant (data not shown).

u-I'
4 7 10 13 16

1 4 7 10 13 16

1 4 7 10 13 16
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both lethal and sublethal concentrations (Fig.
6C-E). In fact, there appears to be a trend for a
small decrease in MT-1E mRNA for cells
exposed to Hg2+, Ag2+, and Pb2+. These find-
ings indicate that MT-1E mRNA is a common
transcript in HPT cells and that accumulation
is induced by both lethal and nonlethal expo-
sure to Cd2P, Zn2+, and Cu2+, but not by expo-
sure to Hg2+, Ag+, or Pb2+.

MT-i1F. The basal level of MT-IF mRNA
expression was also assessed in three three HPT
cell isolates. MT-IF mRNA, like MT-lA
mRNA, was shown to be a rare transcript in
HPT cells, having only minimal basal expres-
sion in two of the three cell isolates at 40 reac-
tion cycles (Fig. 7). This is in contrast to
G3PDH, where the same total RNA input
demonstrated a convincing reaction product
corresponding to G3PDH mRNA at 30 PCR

Control

50pM

lOO1M

200pM

Figure 6. Expression of MT-1E mRNA in human
proximal tubule cells exposed to Zn, Cu, Hg, Ag,
and Pb. Reverse transcriptase-polymerase chain
reaction for MT-1E was performed as described
on RNA obtained on days 1, 4, 7, 10, 13, and 16 of
metal exposure. Isolate 1 was exposed to the fol-
lowing metals at the indicated concentrations: (A)
Zn, (B) Cu, (C) Hg, (D) Ag, and (E) Pb. Reactions
products were removed at 30 cycles for all metals.
The expression of glyceraldehyde 3-phosphate
dehydrogenase was constant (data not shown).
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Figure 7. Expression of MT-1F mRNA in three human proximal tubule cell isolates. Reverse transcriptase-
polymerase chain reaction for MT-iF and glyceraldehyde 3-phosphate dehydrogenase (G3PDH) mRNA
was performed as described on RNA obtained on days 1, 4, 7, 10,13, and 16 of cell culture. Reaction prod-
ucts were removed at 30 cycles for G3PDH and 40 cycles for MT-1 F.
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cycles. In contrast to the results for MT-1A and
1E mRNA expression, exposure to Cd+, Zn2+,
and Cu2+ at both lethal and sublethal concen-
trations did not produce any repeatable or con-
sistent increase in the accumulation of MT-IF
mRNA (Figs. 8 and 9). There was also no
increase in the level of MT-IF mRNA when
HPT cells were exposed to Hg2+, Ag+, or Pb2+
(Fig. 9C-E). These results indicate that MT-IF
mRNA is a rare transcript in HPT cells under
basal conditions and that the level of expression
is not increased due to metal exposure.

MT-IX. Basal expression of MT-1X
mRNA was prominent and similar to expres-
sion for G3PDH for each HPT cell isolate (Fig.
10). The effect of Cd2+ on MT-1X mRNA
expression was also determined on three HPT
cell isolates, and the results revealed only a mar-
ginal increase in MT-1X mRNA as a result of
Cd2+ exposure (Fig. 11). This finding was rein-
forced by the levels ofMT-IX mRNA in HPT
cells exposed to both Zn2+ and Cu2+, where
results suggested a slight elevation in MT-1X
mRNA level following metal treatment (Fig.
12A,B). However, in no instance was the
increase of the magnitude found for MT-IA
and MT-IE mRNA under identical condi-
tions. There was no increase in the level of
MT-1X mRNA when HPT cells were exposed
to Hg2+, Ag2+, or Pb2+ (Fig. 12C-E). These
results demonstrate that MT-1X mRNA is a
common transcript in HPT cells and that the
level of expression is not greatly influenced by
metal exposure.

MT-IB, MT-JG, and MT-IH. Basal
expression and metal-induced expression of
mRNA for the MT-1B, MT-1G, and MT-1H
genes were also determined using the above
RNA samples. No expression of MT-1B
mRNA was demonstrated under basal condi-
tions or after treatment with any of the six
metals (data not shown). MT-1G and MT-1H
mRNA displayed marginal bands approxi-
mately 20% of the time at 40 reaction cycles;
however, the occurrence of bands had no dis-
cernible pattern under basal conditions or
when the cells were exposed to the six metals
(data not shown). We conclude that the

expression of MT-1B, MT-1G, and MT-1H
mRNAs is at the limit of detection of the RT-
PCR assay and that repeatable data regarding
expression cannot be obtained.

Discussion
One goal of this study was to determine if
HPT cell cultures retained features ofMT gene
expression known to be present in the proximal
tubule of the human kidney. Several studies
using immunohistochemical analysis have
shown that MT protein in the human kidney is
localized exclusively in the proximal tubule
(27-29). An analysis ofMT mRNA expression
in fetal and adult human kidney demonstrated
the expression ofmRNA representing the MT-
2A, MT-1A, MT-1E, MT-IF, MT-1X, and
MT-3 genes (27,30). For HPT cells, the pre-
sent study demonstrated basal expression of
MT mRNA for the MT-lA, MT-1E, MT-1F,
and MT-1X genes. Earlier studies using HPT
cells also demonstrated basal expression ofMT
protein and mRNA for the MT-2A and MT-3
gene (24,30). Basal levels of MT mRNA
expression appear to be similar between the
human kidney and cultured HPT cells. In total
RNA preparation from human kidney tissue,
mRNAs for the MT-2A, MT-1X, MT-1E, and
MT-IF genes were demonstrated to be com-
mon transcripts, having expression levels dose
to the G3PDH housekeeping gene, while
mRNAs for the MT-IA and MT-3 genes were
demonstrated to be far less abundant (27,30).
In the present study, basal expression of MT-
IX and MT-1E mRNA was similar to expres-
sion ofG3PDH mRNA in HPT cells, whereas
MT-lA and MT-IF were less common tran-
scripts. Earlier studies have shown MT-2A to
be a common basal transcript and MT-3 a rarer
transcript in HPT cells (24,30). Comparison of
the findings between the HPT cells and the
human kidney demonstrates that HPT cells
retain the expected patterns of MT mRNA
expression.

In a previous study, exposure of HPT cells
to Cd2P, Zn2+, or Cu2+ induced a rapid and
sustained accumulation of MT protein over a
16-day time course (24). In this respect, HPT

27 iM

4 7 10 13 16

Control

9tM

27 iM

45 piM

Figure 8. Expression of MT-1F mRNA in human
proximal tubule (HPT) cells exposed to Cd. Reverse
transcriptase-polymerase chain reaction for MT-1 F
was performed as described on RNA from three
HPT cell isolates (A,B,C) obtained on days 1, 4, 7,
10, 13, and 16 of Cd exposure. Reaction products
were removed at 40 cycles for the control and
three levels of Cd exposure. In all three isolates the
expression of glyceraldehyde 3-phosphate dehy-
drogenase was constant (data not shown).

cells demonstrated an expected response to
Cd2+ exposure according to the large database
of animal model studies (1-3,19). However, it
was also shown in the previous study that the
increase in MT protein elicited by HPT cell
exposure to Cd2+ was not accompanied by a
corresponding increase in the amount ofMT-2
mRNA; even though such an increase would
be expected from previous studies in animal
models. Prompted by these results, an addition-
al goal of the present study was to determine if
regulation of the MT-1 genes in HPT cells
exposed to metals corresponds to results from
animal studies. In the mouse it has been shown
that the MT-1 and MT-2 genes are coordinate-
ly regulated and that mRNA is induced by
treatment with the heavy metal Cd2+ (1-3,6).
In contrast to the increase in MT-1 mRNA
predicted from mouse studies, the mRNA
expression pattern of HPT cells exposed to
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Figure 10. Expression of MT-1X mRNA in three human proximal tubule cell isolates. Reverse transcrip-
tase-polymerase chain reaction for MT-1X and glyceraldehyde 3-phosphate dehydrogenase (G3PDH)
mRNA was performed using RNA obtained on days 1, 4, 7, 10, 13, and 16 of cell culture. Reactions were
sampled at 30 cycles for G3PDH and 30 cycles for MT-1X.
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Figure 9. Expression of MT-1F mRNA in human
proximal tubule cells exposed to Zn, Cu, Hg, Ag,
and Pb. Reverse transcriptase-polymerase chain
reaction for MT-1F was performed on RNA
obtained following 1, 4, 7, 10, 13, and 16 days of
metal exposure. Isolate 1 was exposed to the fol-
lowing metals at the indicated concentrations: (A)
Zn, (B) Cu, (C) Hg, (D) Ag, and (E) Pb. Reaction
products were removed at 40 cycles for all metals.
The expression of glyceraldehyde 3-phosphate
dehydrogenase was constant (data not shown).
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Figure 11. Expression of MT-1X mRNA in human
proximal tubule (HPT) cells exposed to Cd.
Reverse transcriptase-polymerase chain reac-
tion for MT-1X was performed using RNA from
three HPT cell isolates (A,B,C) obtained on days
1, 4, 7, 10, 13, and 16 of Cd exposure. Reaction
products were removed at 30 cycles for the con-
trol and three levels of Cd exposure. The expres-
sion of glyceraldehyde 3-phosphate dehydroge-
nase was constant (data not shown).

Cd2P was MT-1 isoform specific. HPT cells
demonstrated no basal or Cd2+-induced expres-
sion of mRNA for the MT-1B, MT-1G, and
MT-1H genes. HPT cells displayed notable
basal levels of both MT-1E and MT-1X
mRNA; however, only MT-1E mRNA was
increased by exposure to Cd2P. HPT cells dis-
played low basal levels of mRNA for both the
MT-lA and MT-IF genes, although only MT-
IA mRNA was increased by exposure to Cd2P.
These results, in conjunction with those for
MT-2 described previously (24), provide con-
vincing evidence that new features ofMT gene
regulation have been acquired in the human
proximal tubule due to the gene duplication
event in humans.

The most obvious consequence of the
increased complexity and change in regulation
of the human MT-1 and MT-2 genes would
be to provide greater redundancy in the func-
tional MT genes. The importance of redun-
dancy in the MT genes can be inferred from
the rodent species, in which the MT-1 and
MT-2 genes are coordinately regulated and,
from all examinations to date, the resulting
proteins appear to be functionally equivalent.
Such duplicate genes would not be expected to
remain active if both were not needed for
enhanced survival of the cell. Using HPT cells
exposed to Cd2P as a model, the gene duplica-
tion event in the human would further increase
the level of redundancy in the absolute number
of the MT genes and also in the regulation of
these genes. In HPT cells, the MT-2 and MT-
IX genes were demonstrated to have basal
mRNA expression levels similar to G3PDH
and to be unaffected by Cd2+ treatment. The
MT-IE gene was also demonstrated to have a
similar level of basal mRNA expression, but
expression increased after exposure to Cd2 .
Messenger RNA for the MT-IA gene was
shown to be a minor transcript in the HPT
cells under basal conditions, but increased sig-
nificantly as a result of Cd2+ treatment that
approached levels causing a loss of cell viability.
Based on data obtained using HPT cells, the
duplication event in human MT genes can be
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Figure 12. Expression of MT-1X mRNA in human
proximal tubule cells exposed to Zn, Cu, Hg, Ag,
and Pb. Reverse transcriptase-polymerase chain
reaction for MT-1X was performed using RNA
obtained on days 1, 4, 7, 10, 13, and 16 of metal
exposure. Isolate 1 was exposed to the following
metals at the indicated concentrations: (A) Zn, (B)
Cu, (C) Hg, (D) Ag, and (E) Pb. Reaction products
were removed at 30 cycles for all metals. The
expression of glyceraldehyde 3-phosphate dehy-
drogenase was constant (data not shown).

interpreted as providing a separation in the reg-
ulatory responsibility of the MT genes. That is,
one subset of the human MT gene family
(MT-IX and MT-2A) is responsible for pro-
viding basal levels ofMT mRNA expression to
the cell, and another subset (MT-1E and MT-
lA) is responsible for providing an increase in
MT mRNA expression due to Cd2+ exposure.

Further elucidation of the significance of an
increased number of MT genes in humans is
limited by the fact that no methods currently
exist to determine the expression levels of indi-
vidual MT-1 and MT-2 isoform-specific pro-
teins. Without this ability, it is not possible to
determine the relative contributions of
decreased MT protein degradation and
increased transcription rates on the induction
of MT protein by metals. The antibodies cur-
rently available are believed to interact with all
MT-i and MT-2 isoforms, but this has never
been convincingly shown, as the individual
purified MT proteins are not available for
cross-reactivity profiles. Recent development of
the MT-1 and MT-2 null mouse allows the
isolation of cell lines containing no basal MT
protein levels. These should be excellent recipi-
ents for transfection by expression vectors con-
taining each human MT isoform-specific gene,
allowing the generation of homogeneous MT-
isoform specific mRNA and proteins. The
availability of such standards would allow the
development and testing of assays capable of
determining the level and functional properties
ofeach specific MT isoform protein.
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