There are two constructive outcomes of
the above findings. First, for the parameter
range used, chain motion can be character-
ized by several stages, all of which appear
amenable to theoretical treatment (9, 10).
Second, unlike tube models, the case of
reverse field electrophoresis is not expected
to give the same dependence of mobility
versus chain length as the constant field case.
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Iron-Responsive Elements: Regul

atory RNA

Sequences That Control mRNA Levels and Translation

JoHN L. Casey, MATTHIAS W. HENTZE, DAVID M. KOELLER,
S. WrRiGHT CAUGHMAN, TRACEY A. ROUAULT,
RiCHARD D. KLAUSNER, JOE B. HARFORD

The biosynthetic rates for both the transferrin receptor (TfR) and ferritin are regulated
by iron. An iron-responsive element (IRE) in the 5’ untranslated portion of the ferritin
messenger RNA (mRNA) mediates iron-dependent control of its translation. In this
report the 3’ untranslated region of the mRNA for the human TfR was shown to be
necessary and sufficient for iron-dependent control of mRNA levels. Deletion studies
identified a 678-nucleotide fragment of the TfR complementary DNA that is critical
for this iron regulation. Five potential stem-loops that resemble the ferritin IRE are
contained within the region critical for TfR regulation. Each of two of the five TfR
elements was independently inserted into the 5’ untranslated region of an indicator
gene transcript. In this location they conferred iron regulation of translation. Thus, an
mRNA element has been implicated in the mediation of distinct regulatory phenomena
dependent on the context of the element within the transcript.

ability of iron modulates the biosyn-

thetic rates for at least two proteins
critical to cellular iron metabolism. The
transferrin receptor (TfR) serves as the chief
means of iron uptake, and its biosynthesis is
decreased when iron is abundant and in-
creased when it is scarce (I). Conversely,
ferritin, which sequesters iron in the cyto-
plasm, is synthesized at a higher rate when
iron is abundant than when it is scarce (2).
The mechanisms involved in the control of
the biosynthetic rates for these two proteins
are distinct. For the TfR the regulation of
biosynthetic rates can be accounted for by
changes in mRNA levels (3). In contrast,
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ferritin biosynthesis is altered without a
corresponding change in the level of total
ferritn mRNA (4) by redistribution of
mRNA between polysome and nonpoly-
some pools (5).

The iron-dependent modulation of the
level of TfR mRNA is mediated by two
regions of the gene. Together these two
regions can produce >20-fold differences in
transcript levels between cells treated with
an iron chelator and those treated with an
iron source. The transcription rate directed
by 5’ flanking sequences of the TfR gene is
two- to threefold higher in cells treated with
the iron chelator desferrioxamine than in
cells treated with hemin, an iron source (6).
However, deletion of sequences correspond-
ing to the 3’ untranslated region (3'UTR)
of the TfR mRNA eliminates most of the

iron regulation of transcript levels regardless
of whether the TfR promoter region is
present (6, 7).

The 5’ untranslated region (5'UTR) of
human ferritin H chain mRNA is both
necessary and sufficient to mediate iron-
responsive translational regulation of ferritin
biosynthesis (8). Moreover, the specific se-
quence within the ferritin 5'UTR responsi-
ble for the modulation of ferritin translation
has been identified (9, 10). This RNA se-
quence, which we have termed an iron-
responsive element (IRE), has the potential
to form a characteristic stem-loop structure.
The 5'UTR of each ferritin gene for which
complete mRNA sequence data are available
[human (11), rat (12), chicken (13), and
frog (14)] contains a sequence capable of
forming a similar stem-loop. Here we pre-
sent a deletion analysis of the TfR 3'UTR
that implicates strikingly similar elements in
the iron-responsive regulation of TfR
mRNA levels. We further show that syn-
thetic oligonucleotides corresponding to
elements of the TfR 3'UTR confer ferritin-
like translational regulation when inserted
in the 5'UTR of an indicator gene tran-
script.

We (6) and others (7) have shown that
the sequences corresponding to the 3'UTR
of the TfR mRNA are necessary for the full
degree of iron regulation of the level of this
transcript. To demonstrate the sufficiency of
this region to confer TfR-like iron regula-
tion on another gene, we have inserted a
fragment containing most (2.2 kb of 2.5 kb)
of the TfR 3'UTR into the 3'UTR of the
structural gene for human growth hormone
(hGH) and have transformed murine cells
with this construct (pPSVGH-TR). The hy-
brid construct gave rise to three major hGH/

a pSVGH pSVGH-TR
H D H D

b PSVGH PSVGH-TR
Hiplc D

- 288 - 288

e ...

-
- .
eoe”""

Fig. 1. The 3'UTR of the human transferrin
receptor is sufficient to confer iron regulation on
the accumulation of a chimeric transcript. Pools
of stable transformants were prepared as de-
scribed (6) after transfection with pSVGH or
pSVGH-TR as indicated (17). Cells were treated
for 16 hours with 6 mM sodium butyrate plus
either 100 uAM hemin (H) or 100 pM desferrioxa-
mine (D) prior to isolation of cytoplasmic RNA
(6). RNA was separated by electrophoresis in a
1% agarose-formaldehyde gel and analyzed by
blot hybridization with an hGH probe consisting
of the 650-bp Sty I fragment of the hGH gene (a)
or the full-length human TfR cDNA (18) (b).
The relative positions of the 285 and 18S ribo-
somal RNAs are indicated.
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TfR hybrid transcripts (Fig. 1). The largest
of the chimeric transcripts was regulated by
iron in a fashion resembling the native TfR
gene, with much higher levels present after
desferrioxamine treatment than after treat-
ment with hemin. The levels of the two
smaller hGH/TfR transcripts as well as the
level of the hGH transcript encoded by
the plasmid pSVGH, which lacks TfR se-
quences, were unaffected by iron availabil-
ity. The largest of the hGH/TfR transcripts
is of the size that would be predicted
from the structure of pSVGH-TR. The rela-
tive intensities of the hybridization signals
when the hGH and TfR probes were com-
pared indicated that the two smaller chimer-
ic transcripts lack portions of the TfR se-
quences that are part of the plasmid
pSVGH-TR.

When hGH protein secretion into the
growth medium of the pSVGH-TR trans-
formants was assessed by radioimmunoas-
say, we detected no appreciable iron regula-
tion of hGH production. This apparent

Fig. 2. The sequencesre- @
sponsible for iron regu-
lation of TfR biosynthe-
sis are contained in a
678-nucleotide fragment 1
of the 3'UTR. (a)

Mouse B6 cells were
transfected with calcium I
phosphate  precipitates

of plasmids containing m
the indicated deletion
constructs (19) as de-

scribed previously (6). v
The shaded region at the
5’ end of the schematic
representation of the
construct denotes a frag-
ment of genomic DNA Vi
containing the TfR pro-

moter, and the hatched

regions of each construct vil
represent sequences of

the TfR cDNA that have D
been deleted. After re-

moval of the DNA pre-

Construct

cipitates, cells  were A
placed in medium con-
taining 6 mM sodium
butyrate, and 8 hours 185 =—

later either hemin (H) or
desferrioxamine (D) was
added to final concentra-
tions of 100 pM. After
an additional 16 hours,
human TfR biosynthesis

Fe treatment
Construct

TfR promoter

absence of regulation is likely due to the
ability of the two smaller hGH/TfR tran-
scripts (which are not iron-regulated be-
cause they lack critical TfR sequences) to be
used to produce hGH. In our pSVGH-TR
transformants, these truncated unregulated
transcripts were considerably more abun-
dant than the full-length regulated mRNA.
We have also observed multiple human TfR
transcripts in murine cells transformed with
the full-length human TfR c¢DNA. The
smaller human TfR transcripts in those cells
lack some or all of the 3'UTR, and only the
full-length transcript was fully iron-regulat-
ed (6). The full-length TfR transcript in
those cells was the predominant mRNA
species, and iron regulation of TfR protein
biosynthesis was seen. The appearance of
the multiple hGH transcripts in Fig. 1 is
clearly a function of the TfR 3'UTR, since
the parent plasmid pSVGH that lacks the
TfR 3'UTR overwhelmingly gives rise to
one hGH transcript. Owen and Kiihn (7)
transferred the TfR 3'UTR to the 3’ end of

i3 2 4 daAwW
—t—t——

Le utr H D
TIR cDNA | = -

B.D HYD H D MDD H D
I 1l v Vi vil

was assessed by radiolabeling with [**S]methionine, immunoprecipitation with monoclonal antibody
B3/25, SDS—polyacrylamide gel electrophoresis, and autoradiography as previously described (6). The
relevant portions of these autoradiographs are shown to the right of each of the constructs tested. (b)
Mouse B6 cells, which lack thymidine kinase, were stably transformed as described previously (6) by co-
transfection with the herpes simplex thymidine kinase gene followed by selection of thymidine kinase—
containing colonies. Six of the seven constructs depicted in (a) were used to produce stably transformed
populations of murine cells that expressed human TfR. Each transformed cell population represents a
pooling of multiple individual colonies of transformants. Cytoplasmic RNA was isolated and analyzed
after treatment with hemin (H) or desferrioxamine (D) as in Fig. 1. The full-length human TfR cDNA
was used as probe (20). The relative positions of the 285 and 18S ribosomal RNAs are indicated.
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the histocompatibility antigen HLA-A2
gene but, on the basis of cell surface expres-
sion of the gene’s protein product, conclud-
ed that there was no iron regulation of this
chimeric gene. This observation may also be
areflection of protein production from mul-
tiple hybrid transcripts that are not all iron-
regulated. Our results (Fig. 1) demonstrate
that no portion of the TfR protein—encod-
ing sequences is required for iron regulation
of transcript levels. Thus the TfR 3'UTR is
both necessary and sufficient to confer the
iron regulation of mRNA levels that is
characteristic of TfR biosynthetic regula-
tion.

Previously, we prepared stable transfor-
mants of murine cells by using a TfR “mini-
gene” containing the full-length TfR cDNA
driven by the TfR promoter (Fig. 2a, con-
struct I) and found that expression of the
human TfR in those cells was highly regulat-
ed by iron. In contrast, cells transformed
with a plasmid lacking the bulk of the TfR
3'UTR (construct II) continued to express
the normal human TfR protein but had lost
the ability to iron-regulate this expression
(6). In this report, the sequences within the
TfR 3'UTR responsible for iron-dependent
regulation are localized further by a restric-
tion fragment deletion analysis. This analysis
was first performed with a transient expres-
sion assay for the iron regulation of human
TR protein biosynthesis in transfected mu-
rine cells (Fig. 2a). Cells transfected with
construct I synthesized approximately seven
times as much human TfR protein after
desferrioxamine treatment as after treatment
with hemin. Transfection with constructs
IV and V resulted in a similar degree of iron
regulation of human TfR biosynthesis. We
have tested constructs having smaller dele-
tions 3’ of base 3861, and these too were
iron-regulated. There was some residual
iron regulation in cells transfected with con-
structs II and III (a less than twofold differ-
ence between desferrioxamine treatment and
hemin treatment). Since all of the constructs
in Fig. 2 contain 5’ flanking sequences of
the human TfR gene that have been shown
to mediate a two- to threefold transcription-
al effect of iron (6), the residual regulation
likely represents a manifestation of this tran-
scriptional element. Nonetheless, the dele-
tion analysis demonstrates that the restric-
tion fragment bounded by TfR ¢cDNA nu-
cleotides 3178 and 3856 contains the region
responsible for the majority of TfR iron
regulation. When only this region is deleted
(construct III), iron regulation is lost. When
fragments flanking this region are removed
(as in constructs IV and V), iron regulation
is retained.

Iron regulation of TfR biosynthesis is due
to alteration in TfR mRNA levels (3). We
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prepared stable transformants of murine
cells with six of the seven deletion constructs
of Fig. 2a and assessed the effect of iron
availability on the level of the transcripts
encoded by these constructs (Fig. 2b). In
several instances multiple transcripts were
observed. In each case, the largest human
TfR transcript in a given transformant cor-
responded in size to the full-length tran-
script expected from the transfected plas-
mid. The largest transcript in cells trans-
formed with construct I corresponds to the
4.9-kb full-length TfR mRNA that is nor-
mally produced in human cells (3). The level
of this 4.9-kb transcript in the construct I
transformants was highly regulated by iron
availability. Deletion of the most 3’ 2.2 kb
of the TfR 3'UTR (construct II) resulted in
loss of the majority of the iron regulation of
TR transcript level. Deletion of the 3178 to
3856 fragment (construct III) also led to
loss of full regulation of transcript level,
whereas deletions involving regions flanking
this fragment (constructs IV and V) had no
effect on regulation of mRNA level. Thus
the conclusion regarding the location of the
region responsible for iron regulation that
was reached on the basis of the transient
expression assay for protein synthesis of Fig.
2a was confirmed by the data of Fig. 2b. In
addition, the changes in mRNA levels that
we observed in the regulated constructs
indicated that the regulation of the biosyn-
thesis of TfR encoded by our constructs was
occurring in a fashion analogous to iron
regulation of a native TfR gene (that is, by
alteration of mRNA level).
Computer-aided analysis of the sequence
of the human TfR mRNA corresponding to
bases 3178 to 3856 of the TfR ¢cDNA
revealed that this sequence has potential to
form a number of stem-loop structures. Of
particular note are the sequences shown in
Fig. 3. These TfR 3'UTR sequence ele-
ments are capable of folding to form struc-
tures that are strikingly similar to that pre-
dicted for the IRE located in the 5'UTR of
ferritin (9, 10). The stem-loop structures of
TfR elements B to E (Fig. 3) have in
common with the human ferritin H chain
IRE: (i) a loop of CAGUGX, (ii) an “upper
stem” of five paired bases, (iii) an unpaired
5’ C residue separated by five bases from the
loop, and (iv) a “lower stem” of variable
length. This particular consensus of se-
quence and predicted structure is also con-
tained as a single copy within the 5'UTR of
cach ferritin whose complete mRNA se-
quence is known (11-14). The only devi-
ation from this consensus within the se-
quences of the human TfR 3'UTR is found
in TfR element A wherein the putative loop
reads CAGAGX. The 3178 to 3856 region
of the TfR mRNA represents less than 30%
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element B or element C of the TfR 3'UTR
were synthesized. Each synthetic TfR ele-
ment was cloned between the ferritin pro-
moter and the structural gene for hGH such
that an mRNA would be produced that
contained a single TfR element in the
5'UTR of a chimeric hGH transcript (Fig.
4). A similar approach had been used in the
identification and characterization of the
human ferritin H chain IRE (9). The regula-

of the TfR 3'UTR and contains five of these
IRE-like elements. No such sequence ele-
ments are found in the remainder of the TfR
3'UTR.

The finding of IRE-like sequences within
the TfR 3'UTR raised the question of
whether these elements were capable of
functioning as an IRE in translational regu-
lation. To address this question, oligode-
oxyribonucleotides corresponding to either

3253 3303 3706 3771 3818
nﬁ [
v u@ [ ‘@ 1 . ﬂ ‘@ u I
A-u A-u 6-C 6-C A-u a-u
A-u 6-C A-v A-v 6-C A-u
(N-NIgl c-6 u-a A-u 6-U A-u 6-C
u-6 6-C 6-C 6-C 6-C 6-C
-A A-u 6-C 6-C 6-C 6-C
@" c (] u-A Iﬂu-n u-a Eu_“ u-n
v A-u A-u A-u A-u A-v
€-6 u-p u-A u-A u-a u-a
uto u-A u-A u-A 6-U v-a
u-A u-A A-u A-u U-6 a-u
U-A A-u A-u c-6 A-u
6-C u-6 u-A A-u
6-C U-6 A-U
6-C
A B C D E
Human ferritin H chain Human TfR mRNA 3'UTR
mRNA 5' UTR

Fig. 3. Similarities between the IRE of the 5'UTR of ferritin mRNA and sequence elements present in
the 3'UTR of the transferrin receptor mRNA. Sequence elements from the 5'UTR of the human
ferritin H chain mRNA (9) and from the 3'UTR of the human TfR mRNA are depicted in stem-loop
configurations (21). With the exception of a one-base deviation in the loop of TfR element A, all
structures shown have loops consisting of CAGUGX and an unpaired C in the stem (outlined bases).
The relative position of the unpaired C is invariant, in all cases being five paired bases [(N-N')s] 5’ of
the loop. The numbers at the top of each of the TfR elements indicate the position in the human TfR
mRNA sequence occupied by the most 5’ G in the loop according to our numbering system (19).

Fig. 4. Elements from the
3'UTR of the TfR mRNA
are able to function as an
IRE conferring ferritin-like
translational regulation
when moved to the 5'UTR
of a chimeric transcript con-
taining the hGH mRNA.
Synthetic deoxyribonucleo-
tides corresponding to the
ferritin IRE (@), or TfR ele-
ment B (b), or TfR element
C (c) were cloned between
the ferritin promoter and
the structural gene encoding
hGH (22). (d) An analo-
gous plasmid lacking an
IRE-like sequence element
was similarly tested. These
constructs were transfected
into mouse B6 cells and, af-
ter treatment with either
100 pM hemin (H, H) or
with 100 pM desferrioxa-
mine (D, O), the transient
expression of hGH in the 0
medium was assessed as pre-
viously described (9). Data
shown are representative of
at least three independent transfections with these constructs. Cytoplasmic RNA was isolated from the
transfectants involving the TfR elements (23), separated by electrophoresis, and analyzed as described in
Fig. 1. The panels (b) and (c) show the blot hybridization analysis of these RNA samples with an hGH
probe. RIA, radioimmunoassay.
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tion of hGH production seen under control
of a synthetic ferritin IRE is shown in Fig.
4a. When in the context of a 5’UTR, each of
the TfR elements tested mediated ferritin-
like iron regulation of hGH production
(Fig. 4, b and ). This regulation is opposite
in direction from that normally seen in iron
regulation of TfR biosynthesis. The pres-
ence of the ferritin promoter alone does not
result in iron-dependent control of hGH
biosynthesis (Fig. 4d). We have also tested
two constructs that contained oligodeoxyri-
bonucleotides with potential to form stem-
loop structures not conforming to the above
IRE consensus. No iron regulation was
observed with these constructs. Thus, TfR
elements B and C have the ability to func-
tion as translational IREs, and this ability
appears to require an IRE consensus of
sequence and structure.

A characteristic of the ferritin translation-
al regulatory system is iron-dependent mod-
ulation of protein biosynthesis without cor-
responding alteration in the level of the
mRNA (4, 5). To confirm that each of the
TfR elements was acting as a translational
IRE in the regulation of hGH production
seen in Fig. 4, we assessed the level of hGH
mRNA in these transfectants. In neither case
(Fig. 4, b and c, insets) did we find increased
levels of the hGH transcript in the hemin-
treated cells that would account for their
higher rate of hGH protein production. In
Fig. 4c the levels of mRNA appeared to be
identical in the two samples. In Fig. 4b there
appeared to be somewhat more mRNA in
the desferrioxamine-treated cells. If the level
of mRNA is higher in these desferrioxa-
mine-treated cells, the translational effect of
iron availability would have to be more
pronounced to yield the higher hGH pro-
duction rate seen after hemin treatment.
Thus, each of the TfR elements tested in the
context of a 5'UTR was capable of mediat-
ing alterations in protein production with-
out corresponding changes in mRNA levels.

The magnitude of the translational iron
regulation mediated by each of the TfR
clements (Fig. 4, b and ¢) appeared to be
somewhat lower than that seen in the same
experiment when a plasmid containing the
territin IRE was used (Fig. 4a), but their
ability to function as IREs was clear in
comparison to the unregulated plasmid lack-
ing an IRE-like sequence element (Fig. 4d).
The ability of TfR element B or C to
substitute for the ferritin IRE conveys infor-
mation regarding the requirements for IRE
function in translational regulation. Be-
tween the two synthetic oligomers corre-
sponding to the TfR elements tested, 22 of
32 bases that are contained in the synthetic
ferritin IRE oligomer have been altered and
yet IRE function has been retained. It has
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been shown that a single base deletion in the
consensus loop or a deletion that would
disrupt base pairing in the upper stem each
abolished iron regulation (9). In the pro-
posed TfR structures depicted in Fig. 3, the
nucleotides of the stems are significantly
different from the ferritin IRE structure and
different to a lesser extent from each other.
However, in all instances where a difference
in one half of the stem would prevent the
base pairing needed to preserve these struc-
tures, a complementary difference exists in
the other half of the stem. If the multiple
elements of the TfR 3'UTR arose by dupli-
cation of a single ancestral element, it would
appear that their potential to form an IRE-
like stem-loop has been a more dominant
feature to be conserved than the exact nature
of the bases that make up the stems of the
putative structures.

Although similarities exist between the
ferritin and TfR elements depicted in Fig. 3,
the elements function in distinct ways in
their respective native contexts. One aspect
of these differences relates to the number of
IRE-like sequences present in the two tran-
scripts. The IRE occurs as a single copy
within the ferritin 5'UTR, whereas there are
five similar elements within the human TfR
3'UTR. We have shown that a single TfR
element is sufficient when moved to a
5'UTR to confer the translational regula-
tion that is normally mediated by the ferritin
IRE. However, two of our constructs hav-
ing restriction fragment deletions within the
critical 3178 to 3856 region indicate that a
single element is not sufficient to accomplish
regulation of TfR mRNA levels (Fig. 2). In
construct VI, sequence elements A and B
have been deleted and elements C to E are
present. Conversely, construct VII contains
elements A and B but not C to E. Thus each
of these constructs contains an element that
has demonstrated IRE function when in a
5'UTR (Fig. 4). However, after treatment
with hemin or desferrioxamine, both con-
struct VI and VII give rise to less than
twofold differences between human TfR
biosynthetic rates in the transient protein
synthesis assay (Fig. 2a) and in the RNA
levels of stable transformants (Fig. 2b). This
low degree of iron regulation was not signif-
icantly greater than that seen after deletion
of the entire TfR 3'UTR and is likely a
reflection of the transcriptional effect de-
scribed above. The insufficiency of a single
element within the 3'UTR of TfR suggests
that iron regulation of the TfR mRNA may
involve the cooperative influence of more
than one element within the TfR 3'UTR.

A portion of the chicken TfR cDNA
corresponding to the 3'UTR has recently
been cloned and sequenced (15). Our ex-
amination of the unpublished chicken se-

quence (16) revealed that the chicken TfR
mRNA also contains five IRE-like se-
quences that correspond to elements A to E
of the human TfR mRNA. These sequences
are strikingly similar in the human and
chicken genes; indeed, 49 consecutive bases
encompassing element B are identical in the
two genes. In portions of the chicken
3'UTR outside of the region corresponding
to that implicated by our deletion analysis,
sequence similarity to the human gene is
markedly reduced. Four of the five potential
stem-loops of the chicken TfR sequence also
have loops of CAGUGX; the fifth (corre-
sponding to human TfR element A) has a
loop of CAGCGX. All of the potential
chicken structures have five paired bases in
an “upper stem” followed by a 5" unpaired
C and a lower stem of variable length. We
believe that the similarity between these
human and chicken TfR sequences supports
our contention that these are critical ele-
ments involved in iron regulation of TfR
expression.

Thus, the IRE is an RNA element capable
of mediating two distinct regulatory events
depending on its context within the tran-
script. It is conceivable that a common (or
similar) regulatory molecule binds to these
RNA structures such that, when in the
context of a 5'UTR, translation of the tran-
script is attenuated and, when in the context
of a 3'UTR, the transcript is protected from
degradation. The putative regulatory mole-
cule would be associated with the IRE
elements when iron is scarce and dissociated
when iron is abundant. Such a model would
account for the opposite responses of the
biosyntheses of ferritin and the TfR to a
common primary stimulus (iron). Given the
relatively short half-life of the TfR mRNA
(3), this model would allow rapid changes in
the biosynthetic rates for both ferritin and
the TfR in response to changes in iron
availability. The difference in the mecha-
nisms of these regulatory phenomena that is
apparent from assessing the effect of iron on
the level of the respective transcripts would
also be consistent with this model.

REFERENCES AND NOTES

1. J. H. Ward, J. P. Kushner, J. Kaplan, J. Biol. Chem.
257, 10317 (1982); P. G. Pelicci et al., FEBS Lett.
145, 350 (1982); E. Mattia, K. Rao, D. S. Shapiro,
H. H. Sussman, R. D. Klausner, J. Biol. Chem. 259,
2689 (1984); K. R. Bridges and A. Cudkowicz,
ibid., p. 12970.

2. H. N. Munro and M. C. Linder, Physiol. Rev. 58,
317 (1978).

3. K. K. Rao, D. Shapiro, E. Mattia, K. Bridges, R. D.
Klausner, Mol. Cell. Biol. 5, 595 (1985); K. Rao et
al., ibid. 6, 236 (1986).

4. J. Zihringer, B. S. Baliga, H. N. Munro, Proc. Natl.
Acad. Sci. US.A. 73,857 (1976); G. E. Shull and E.
C. Theil, J. Biol. Chem. 257, 14187 (1982); tbid.
258, 7921 (1984); T. A. Rouault ¢ al., Proc. Natl.
Acad. Sci. U.S.A. 84, 6335 (1987).

REPORTS 927



(=) o N (=

—

12.

13.

14.
15.

16.
17.

18.

19.

. N. Aziz and H. Munro, Nucleic Acids Res. 14, 915
(1986); J. Rogers and H. Munro, Proc. Natl. Acad.
Sci. US.A. 84, 2277 (1987).

. J. L. Casey et al., Proc. Natl. Acad. Sci. U.S.A. 85,
1787 (1988).

. D. Owen and L. Kiihn, EMBO J. 6, 1287 (1987).

. M. W. Hentze et al., Proc. Natl. Acad. Sci. U.S.A.
84, 6730 (1987).

. M. W. Hentze et al., Science 238, 1570 (1987).

. N. Aziz and H. N. Munro, Proc. Natl. Acad. Sci.
US.A. 84, 8478 (1987).

. F. Costanzo et al., Nucleic Acids Res. 14,721 (1986);
C. Santoro et al., ibid., p. 2863; M. W. Hentze ¢t al.,
Proc. Natl. Acad. Sci. US.A. 83, 7226 (1986).
E. Leibold and H. Munro, J. Biol. Chem. 262, 7335
(1987); M. T. Murray, K. White, H. N. Munro,
Proc. Natl. Acad. Sci. US.A. 84, 7438 (1987).
P. W. Stevens, J. D. Dodgson, J. D. Engel, Mol.
Cell. Biol. 7, 1751 (1987).
J. Didsbury ez al., J. Biol. Chem. 261, 949 (1986).
L.-N. Chan, N. Grammatikakas, J. M. Banks, E. M.
Gerhardt, J. Cell Biol. 105, pt. 2, 154a (1987).
L.-N. Chan, personal communication.
The plasmid pSVGH was constructed by ligation of
the 2.1-kb Hind III-Eco RI hGH fragment of
pOGH [R. F. Selden, K. B. Howie, M. E. Rowe, H.
M. Goodman, D. D. Moore, Mol. Cell. Biol. 6, 3173
(1986)] and the 2.6-kb Hind III-Eco RI fragment
of pSV2CAT [C. M. Gorman, L. F. Moffat, B. H.
Howard, #id. 2, 1044 (1982)]. The plasmid
pSVGH-TR was created by insertion via blunt-end
ligation of the 2.2-kb Bgl II-Bam HI fragment of
pcDTR1 (I8) into an Ava I site in the 3'UTR of the
hGH gene. This Bgl II-Bam HI fragment represents
most of the 2.5-kb 3'UTR of the TfR ¢DNA and
contains no TfR protein-coding sequences.

L. C. Kithn, A. McClelland, F. H. Ruddle, Cell 37,

95 (1984); A. McClelland, L. C. Kiihn, F. H.

Ruddle, ibid. 39, 267 (1984).

Construct I (formerly referred to as TRmg2) and

construct II (formerly referred to as TRmg3) have

been described (6). The other constructs were pre-
pared by restriction fragment deletion and standard
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cloning procedures [T. Maniatis, E. F. Fritsch, J.
Sambrook, Molecular Cloning: A Labovatory Manual
(Cold Spring Harbor Laboratory, Cold Spring Har-
bor, NY, 1982)]. We have numbered the bases of
the TfR cDNA using the sequence data of Schneider
et al. [C. Schneider, M. Kurkinen, M. Greaves,
EMBO . 2, 2259 (1983); C. Schneider, M. J.
Owen, D. Banville, J. G. Williams, Nature 311, 675
(1984)] with base 1 being the transcription start site
that they determined by primer extension. However,
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in pcDTR1 (18) from which our constructs were
derived. Using this numbering system, our deletion
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(construct I); 2802 to the end of the cDNA (con-
struct IT); 3178 to 3856 (construct IIT); 2802 to
3177 plus 3861 to the end of cDNA (construct IV);
2405 to 3177 plus 3861 to the end of cDNA
(construct V); 3178 to 3405 (construct VI); and
3636 to 3856 (construct VII).
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(less than fivefold) with no apparent pattern relating
to the nature of the deletion. It is assumed that this
represents a combination of transfection efficiency,
gene dosage, and relative growth rate among mem-
bers of our pools of stable transformants. For pur-
poses of presentation, an autoradiographic exposure
was selected for each transformant such that the
intensities of the largest transcript in desferrioxa-
mine-treated lanes were approximately equal.

We analyzed sequences of the 3'UTR of the human
TfR, using an algorithm that accommodates the
potential of G-U pairing in RNA [M. Zuker and P.
Stiegler, Nucleic Acids Res. 9, 133 (1981)].
Plasmid L5(+26mer)-GH (used in Fig. 4a) and its
parent plasmid L5-GH (used in Fig. 4d) have been
described (9). L5-GH contains the most 5’ six
nucleotides of the human ferritin H chain 5'UTR.
Two pairs of complementary deoxyribonucleotides
corresponding to each of TfR elements B and C
were synthesized with an Applied Biosystems DNA
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synthesizer. Plasmids containing these elements
were prepared by cloning the double-stranded DNA
between the Bam HI and Xba I sites of a plasmid
derived from pUC18 with the hGH gene in its Hinc
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Nicklen, A. R. Coulson, Proc. Natl. Acad. Sci.
US.A. 74, 5463 (1977)] to be: 5'-GGATCCAT-
TATCGGAAGCAGTGCCTTCCATAATTC-
TAGA-3’ (for the plasmid used in Fig. 4b) and 5'-G
GATCCATTATCGGGAGCAGTGTCTTCCA-
TAATTCTAGA-3' (for the plasmid used in Fig.
4c). The nucleotides corresponding to the six-mem-
bered loops in the stem-loop structures proposed for
mRNA arising from these constructs are underlined
for purposes of orientation.
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US.A. 83, 2100 (1986)] in addition to either 100
wM hemin or 100 pM desferrioxamine beginning
24 hours after removal of precipitated plasmid
DNA. After an additional 24 hours, cytoplasmic
RNA was isolated (6). The RNA samples were
treated with ribonuclease-free deoxyribonuclease for
15 minutes at room temperature to reduce their
content of plasmid DNA before separation by elec-
trophoresis and analysis by blot hybridization. Ra-
dioimmunoassay of hGH production in the cells
used for RNA preparation indicated that butyrate-
treated cells displayed iron regulation comparable to
that seen in Fig. 4, a and b.
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