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Table 2 Characterization ofcDNA clones and corresponding transcripts from trehalose-grown HT-29 cells

cDNAcloneDP2.2DP4.2DP5.2DP6.2DP7.2DP8.2DP9.2DP10.2DP11.2DP1.2pCD29pCD22cDNA
size

(kilobasepairs)"1.61.21.4+

1.61.51.22.41.20.21.21.71.71.1RNA

size
(kilobasepairs)*1.61.23.01.61.6>101.81.61.41.71.75.1Relative

RNA
concentration'3.07.03.68-238-233.18-237.07.01.201.101.15Gene

designation
(EMBL/GenBank)loSrRNAATPase

6. ATPase8.cytochrome
oxidaseIINuclear,

unknownNADH
dehydrogenase4/4LNADH
dehydrogenase4/4LNuclear,

unknownNADH
dehydrogenase4/4L165rRNACytochrome

bEFlaEFla

(murine)28S
rRNA (murine)

Â°Determined by agarose gel electrophoresis after digestion of cloned DNA with Â£coRI.
'' Determined from hybridization analysis using RNA from HT-29 cells grown in glucose or trehalose for 6 days.
' Quantitation of hybridizations to RNA from trehalose-grown cells (relative to glucose) using computing densitometer (see "Materials and Methods" and Fig. 4).
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Fig. 3. Sequence identification of cDNA clones and location on mitochondria! DNA. A, partial sequences of DP2.2, DP4.2, DP6.2, and DPI 1.2 were positively
matched to regions within the int sequence MIHSXX of Ik-la cells (33) available from EMBL/GenBank data bases. Numbers in lower lane, nucleotide position in
MIHSXX. B, location of the 4 cDNA clones relative to MIHSXX. Cyto b. cytochrome b; 16s, 165 rRNA; COII, cytochrome oxidase II; A6, ATPase 6; A8, ATPase
8; ND4, NADH dehydrogenase 4/4L; E, Â£coRIsite.

RESULTS

Effect of Trehalose on Cell Growth. When glucose in Dulbec-
co's medium was replaced by trehalose, differences in growth

rate and morphology of HT-29 were observed. As shown in
Fig. IA, cell density after 7 days in medium containing trehalose
was approximately 4- to 5-fold lower than that observed for
cells grown in glucose for the same period of time. At the
microscopic level, cells grown in glucose-containing medium
were seen to form densely packed, disorganized multilayers of
undifferentiated cells, while cells in trehalose-containing me
dium formed uniform monolayers that were often polarized,
polygonal in shape, and delimited by large extracellular spaces
(Fig. 1, /i and C). Staining of both types of cell population with
alcian blue to detect mucin-producing cells (Fig. l, D and E)
revealed that approximately 10-fold more goblet-like entero-
cytes were produced with trehalose than with glucose in the
medium. Cells shifted back from 6 days of treatment with
trehalose to glucose resulted in recovery of the glucose-culture
cell phenotype after several days of incubation. Similar assays

carried out using 8- and 14-day cultures of HT-29 adapted to
alternate carbon sources (Table 1) indicated that in comparison
to cells grown in trehalose, cultures in butyrate produced more
mucin-producing cells, and cultures in galactose, no-sugar, glu

cose, and cellobiose (relative order) produced less. However,
except for glucose, total cell production was about the same
using any of the other treatment regimes.

Selection of Differentially Expressed Genes. Considering the
morphological and histochemical changes noted for HT-29
after shifting from glucose to trehalose-containing medium, we
expected differences in gene expression to occur. As a start in
the characterization of these genetic events, we constructed 2
recombinant \-gt\0 cDNA libraries from total RNA of treha
lose grown cells and screened them for cDNA clones that
encoded RNA sequences whose abundance changed the most
during HT-29 cell adaptation to trehalose (see "Materials and
Methods" for details). From an initial screening of approxi
mately 6 x IO4clones (pfu) with radiolabeled cDNA made from

RNA of cells cultured with either glucose or trehalose, we
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Fig. 4. cDNA hybridization to total RNA from HT-29 cells grown in glucose
or trehalose. I-//, autoradiograms of Northern blots of identically fractionated
total RNA (approximately 12 ,,Â«Line) from HT-29 cells cultured for 6 days in
25 itiM glucose or trehalose (left and right lanes of each panel, respectively)
hybridized with radiolabeled DNA probes. A-D, hybridization with inserts from
clones DP2.2. DP4.2, DP6.2, and DPI 1.2, respectively. E-H, same filters as in
A-D hybridized with EF1Â«cDNA probe.

obtained 9 candidate clones. The selectivity of this hybridization
screening procedure is illustrated in Fig. 2, A-C (Lanes b, c, e,
f, and h) using the in vitro amplified (polymerase chain reaction)
cDNA inserts from some of these clones. Hybridization of these
cDNA inserts and HT-29 mt DNA (Fig. 2, A-C, Lanes j and k)
was about 10-fold higher with [':P]cDNA made from RNA of
trehalose-grown cells (Fig. 2C) than with [i;P]cDNA made from

RNA of glucose-grown cells (Fig. 2B). This was in contrast to
results obtained for cDNA of clone DP 1.2 (Fig. 2B, Lane a),
which was initially selected on the basis of equivalent hybridi
zation to [12P]cDNA probe made from either source of RNA.

This cDNA contains sequence coding for elongation factor
EFla, a highly expressed gene that is homologous to the mouse
EFla sequence also used as a standard in this experiment (Fig.
2B, Lane i) and in subsequent analyses (see Figs. 4 and 5).

To reveal the identity of the 9 cDNA clones, cross-hybridi
zation of the cDNA inserts and partial nucleotide sequencing
were carried out. These results are summarized in Table 2 and
Fig. 3. The cDNA of DPS.2 and DPS.2, which are unrelated to
any of the other clones, also did not show any significant
sequence analogues in the EMBL/GenBank database. How

ever, sequences of the remaining 7 clones indicated them to be
derived from mt DNA-encoded transcripts. The homologies
shown in Fig. 3 between HeLa mt DNA sequence (33) and the
cDNA sequences were: 99.6% in 227 base pairs of DP2.2 with
165 rRNA; 99.5% in 199 base pairs of DP4.2 with DNA
spanning the coding region for ATPase 6, ATPase 8, and
cytochrome oxidase II (referred to here as ATP6/ATP8/COU);
100% in 113 base pairs of DP6.2 with DNA of NADH dehy-
drogenase subunit 4/4L (referred to as ND4); 95.2% in 188
base pairs of DPI 1.2 with cytochrome b (referred to here as
Cyto b).

Inserts from all 4 clones were sequenced from both ends, and
sequence integrity of these clones was further checked by re
striction site mapping using enzymes Hindi, Kpnl, and .VuÂ«II
for DP2.2 (165rRNA); Acci, Apal, and Xbal for DP4.2 (ATP6/
ATP%/CO\\); Hindlll and Spel for DP6.2 (ND4); and Acci for
DPI 1.2 (Cyto b). All clones gave the expected diagnostic re
striction cuts (data not shown). DP4.2 (ATP6/ATPS/COII) is
unusual and appears to have been generated from an unpro
cessed, polycistronic RNA. The one nucleotide mismatch noted
in ATP6/ATPS/COII (A to G at nucleotide position 8, 860)
would result in an amino acid change from threonine (polar
uncharged) to an alanine (nonpolar). A significant sequence
mismatch of 8 nucleotides was found in Cyto h at nucleotide
positions 15,545 to 15,567, resulting in a change in sequence
from HURA WC to HIKPEWY (single letter amino acid code).
Since the Cyto b was sequenced from the noncoding strand, the
mismatches were at the beginning of the analyzed sequence and
therefore not a result of incorrect reading.

Quantitation of Elevated Transcript Levels. Data in Fig. 4, A-
D, show that cDNA of clones DP2.2, DP4.2, DP6.2, and
DP 11.2 all hybridize to RNA, whose expression levels were
highest in cells grown in trehalose rather than in glucose. This
confirms the results obtained in Fig. 2 and indicates that specific
cDNA synthesis and abundance generally reflected template
RNA copy levels and not RNA template preference. Equality
in concentration of total RNA in samples (see "Materials and
Methods") was confirmed on the Northern blots using cDNA

probes for 285 rRNA (data not shown) and EFla (Fig. 4, E-
H). This is also supported by data presented in Fig. 2 using
both murine and HT-29 EFla cDNA as standards.

Since the cDNA sequences were identified, most of the RNA
sizes revealed by Northern analysis in Fig. 4 could be inter
preted. For example, the 2 major bands in Fig. 4B are consistent
with their being ATPase 6/ATPase 8 and cytochrome c oxidase
II mRNA (33, 34), and the single bands in Fig. 4, C and D, are
consistent with their being NADH dehydrogenase subunit 4
and cytochrome b, respectively. However, the faint 2.4-kilobase
band near the 185 rRNA in Fig. 4B could not be identified.

The intensities of the hybridizations to the different RNA
species were further quantified using a computing densitometer.
While all mt RNAs showed an elevated expression, the magni
tude of their increase varied from 3-fold for 165 rRNA to 8- to
23-fold for ND4 (Table 2). The elevation of transcript for each
mt gene is considered real since the same Northern blots when
stripped and hybridized to probes for commonly expressed
RNA species (285 rRNA and EFla) gave comparable results
(<1.20).

Mitochondria! DNA and ND4 RNA Concentration. To distin
guish whether the observed increases in mt RNA were due to
an increase in stable transcription or an increase in mt DNA
copy during induced cell differentiation, RNA and DNA were
isolated from the HT-29 cells, 1 and 3 h, and 1, 2, 4, and 6
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Fig. 5. Expression of ND4 and mitochon
dria! DNA copy. Top insert, autoradiogram of
Northern blot of total RNA hybridized with
ND4 cDNA. RNA (approximately 12 jig/lane)
was isolated from HT-29 cells cultured for 0,
1, and 3 h. and 1. 2. 4. and 6 days in 25 HIM
trehalose. Bottom insert, corresponding South
ern blot of DNA hybridized to /VD4 cDNA.
The DNA (10 ng/lane) was isolated from (he
same cells as the RNA described above, and
cut with EcoR\. Dotted bars, quantitation of
hybridization signals of HT-29 RNA to MM
cDNA; solid bars, quantitation of HT-29 DNA
hybridized to A/D4cDNA; hatched bars, quan
titation of HT-29 DNA hybridized to EFla
cDNA. Numerical values correspond to the
integrated volume (see "Materials and
Methods").
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Fig. 6. Changes in level of ND4 mRNA with cell culture conditions. Left to
right, HT-29 cells cultured for 6 days in trehalose. 6 days after transfer from
trehalose to glucose, and 6 days in glucose. Insert, autoradiogram of corresponding
Northern blot of RNA (12 ng/lane) from cultured cells. Hybridization to /VD4
cDNA probe was quantiated as described in Fig. S and "Materials and Methods."

days after transferring from glucose to trehalose. To monitor
mt DNA copy, total DNA was digested with EcoRl to generate
the 6.5-kilobase mt DNA fragment containing ND4 (see Fig. 3,
map). For quantitation, both Southern and Northern blots were
hybridized to the ND4 cDNA probe. Fig. 5 shows that while
the ATM-related mt DNA content remained constant, an in
crease in the amount of/VD4 mRNA could be observed as early
as a few hours after shift from glucose to trehalose. mt DNA
content in total DNA isolated from cells at 0 and 6 days after
transfer to trehalose were also the same when probed with total
mt DNA.

The quantitation presented in Fig. 5 further shows that
maximal relative increases in ND4 mRNA took place during
the first 2 to 4 days, after which time levels remained constant.
Confirmation of the elevated expression level of ND4 in cells

exposed to trehalose was established by comparing specific
RNA and DNA levels of cultured cells maintained in medium
containing either glucose or trehalose with levels in cells trans
ferred from trehalose back to glucose. As shown in Fig. 6, the
expression of the ND4 RNA remained high as long as HT-29
cells were maintained in trehalose medium.

ND4 Expression in Cells Exposed to Other Sugars or Butyrate.
We used the ND4 cDNA as a probe to measure ND4 RNA
levels in RNA isolated from HT-29 cells cultured in medium
containing different carbon regimes as described in Table 1.
The hybridization analysis summarized in Fig. 7 indicates that
except for cellobiose, expression levels of cellular ND4 RNA
correlated approximately with the amount of cell differentiation
that had taken place as estimated by measurement of mucin-
producing cells (Table 1).

DISCUSSION

When glucose was replaced by trehalose in the culture me
dium, HT-29 cells were found to undergo phenotypic changes
that are more similar to those observed using either sodium
butyrate or galactose than to those using no-sugar or glucose.
Among the genes identified so far whose expression changed
the most, 7 were mt DNA encoded and 2 others were nuclear
DNA encoded but unrelated to any gene sequence presently in
the EMBL/GenBank databases. The corresponding transcript
of one of these clones (DPS.2) is unusually large and is currently
being analyzed. Use of internal standards such as EFla and
285 rRNA for quantitation of mt RNA in total RNA extracted
from cells further revealed probable differences in relative
amounts of mt RNA ranging in magnitude from approximately
3-fold for 165 RNA to 8-23-fold for ND4. The level of ND4
RNA expression in total RNA from cells exposed to sodium
butyrate, galactose, no-sugar, and cellobiose (order of dimin
ished expression) correlates favorably with decreased cell
growth and particularly with increased numbers of mucin-
producing cells present. With refinement, levels of mt RNA
such as ND4 may serve as a generic indicator of the state of
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Fig. 7. yVD4 mRNA levels in HT-29 cells after exposure to various cell

differentiation regimes. Insert, autoradiogram of a Northern blot of RNA (12 un
lane) from cells cultured for 6 days in medium containing one of the following:
25 m\i cellobiose (C), 5 m\i Na butyrate (B). 25 m\i glucose (G). no-sugar (NS),
25 m\i galactose (Ga). 25 m\i trehalose (T). RNA obtained from these cells was
hybridized to MM cDNA probe and quantiated as described in Fig. 5 and
"Materials and Methods."

HT-29 differentiation. Because of the relatively large changes
in ND4 (to COll for example), the ND4 gene might also be
useful as a probe in the assessment of colon biopsies.

The effects of trehalose on HT-29 production of mt RNA
and goblet-like cells are not equivalent to those obtained by
removal of glucose (6-8) or by substitution with other carbo
hydrates such as galactose or cellobiose, a ÃŸ-l,4-linked dimer
of glucose. Also, unlike butyrate (19), it appears that trehalose
is not metabolized to any major extent by HT-29 cells, and
unlike insect cells in culture that exhibit 4- to 8-fold increases
in trehalase activity when exposed to trehalose (10), HT-29
cells in the presence of trehalose4 or glucose (17) express only
low levels of trehalase activity. HT-29 cells are also in apparent
contrast to LLC-PK,, pig kidney epithelial cells that exhibit
glucose-dependent changes in trehalase expression (16). It is
possible that removing or substituting glucose with another
sugar stimulates the cells to respire. However, in view of tre-
halose's purported role in osmoregularity, thermotolerance, and

carbohydrate metabolism in various organisms (10-14), treha
lose may also affect HT-29 membrane permeability and general
uptake of nutrients. It will be interesting to determine whether
the changes in ND4 RNA levels after treatment with HT-29
cells with the various carbon regimes described here are due to
a general stress response involving modulated expression of
glucose/oxygen/heat shock-regulated proteins (35, 36).

The finding that expression levels of several mt genes, includ
ing COll and cytochrome c oxidase subunit II, are elevated
when HT-29 cells are induced to differentiate by culturing with
sugars other than glucose or no-sugar extends observations
showing elevation of COI and COIII RNA in HT-29 cells
cultured with small chain fatty acids (19), and the depression
of COIII RNA in tissue biopsies of colon adenomas and carci
nomas (18). At this time, levels of expression of ND4 RNA

relative to COIII RNA have not been measured in HT-29 to
determine which is the highest. However, the increased levels
of expression of these RNAs in trehalose-induced (this study)
and butyrate-induced (18) HT-29 cells are not accounted for by
any demonstrable amplification or deletion in mt DNA that
may have occurred during cell adaptation -to-these carbon

sources, mt DNA levels from colonie tumors and polyps are
also similar to levels in normal colonie tissue (22, 23, 37). The
finding of elevated levels of RNA encoded by 4 mt genes,
including subunits COI and COI I, in biopsies from familial
polyposis coli patients (22), would appear to be inconsistent
with a similar analysis using COIII cDNA as probe (18). Age
and origin of cell mass in such samples are likely important
factors that will have to be qualified further (38). We have noted
that trehalose does not promote elevated expression of mt genes
in the monocyte line HL-60.5 Recent studies on noncolonic

cells clearly demonstrate that neoplastic transformation of
either rat hepatoma cells (39) or human fibroblasts (40) is
associated with increased levels of mt RNA.

Differences in morphology, rhodamine-123 staining, and en
zyme properties of mitochondria from human colon carcinoma
cell lines have been noted previously (20, 21). At this time, we
do not know whether the increases in the levels of RNA encoded
by the different mt genes corresponds to similar increases in
activity of the enzyme products. Treatment of HT-29 cells with
small chain fatty acids enhances cytochrome c oxidase activity
(19). It is uncertain whether the nucleotide sequence mis
matches we detected between Hela mt genes (33) and the mt
cDNA clones have any functional significance in HT-29. The
cDNA clones we identified code for 6 mt genes that are distrib
uted rather uniformly over the mt genome and are themselves
the products of polycistronic RNA corresponding to almost the
total length of the mi genome (33, 34). The differences in
specific mt RNA levels, which ranges from 3-fold to 23-fold,
may be a result of different rates of turnover or processing. The
unusually high level of ND4 transcript expression has no ap
parent relationship to location of ND4 coding region relative
to the 2 major mt DNA promoters. Interestingly, Corral et al.
(39) noted that during rat hepatocarcinogenesis 165 rRNA,
ND\, ND6, COll, and Cyto b mt RNA levels were moderately
increased by 2- to 3-fold over control levels and that ND5 mt
RNA was increased by about 10-fold. In this case, mt DNA
heteroplasmy and/or mutations may explain the differences in
RNA expression (39). Further elucidation of mt genome struc
ture, and the molecular events involved in coordinating expres
sion of nuclear and mt genes in HT-29 cells, would appear to
be important for understanding the metabolic relationships
between growth and differentiation phases of these cells.
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