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both in man and in animal models of diabetes mellitus,
Differential Display was used to isolate genes that the rate of development of organ change is a relatively

show transcriptional changes in the kidney during the slow phenomenon but that early changes in gene func-
development of diabetes in the GK rat. Eight candidate tion may significantly precede morphological changes
diabetes-associated cDNA fragments, CDK1-8, were of end organ damage. A strong correlation between du-isolated and characterised. cDNA sequencing and sub- ration of hyperglycaemia and rate of progression of dia-sequent database analysis revealed that CDK2, 4, 5 and

betic microvascular disease has been demonstrated (1).6 showed no significant sequence similarity to pre-
We have investigated the molecular changes that occurviously reported genes, suggesting that they represent
in the kidney during the onset and early stages of dia-novel genes, whereas CDK 1,3,7 and 8 showed signifi-
betes mellitus using the Goto-Kakizaki (GK) rat, a wellcant similarity with rat lactate dehydrogenase, rat
characterised genetic model of non-insulin dependentamiloride sensitive sodium channel, EST109013 and
diabetes mellitus (2-5). The GK rat displays glomerularmouse ubiquitin-like protein respectively. The differ-
basement membrane thickening as well as proteinuriaential mRNA expression of CDK1-8 was confirmed us-
suggesting it to be a suitable experimental model foring differential screening of slot blots. CDK1, 2, 4 and
studying diabetic nephropathy (6,7).8 mRNAs appeared to increase whereas CDK3, 5, 6 and

7 mRNAs decreased in the kidneys of GK rats with To identify genes that display transcriptional changes
increasing hyperglycaemia. The altered renal mRNA in the kidney during the development of diabetes we
expression of these genes in association with in- have utilised the differential display technique (8,9).
creased hyperglycemia in the GK rat suggest that they This technique is essentially a mRNA fingerprinting
are candidates for a role in the development of dia- technique and involves the reverse transcription of a
betic nephropathy. q 1997 Academic Press subset of the mRNA population with an anchored oli-

go(dT) primer (T12MN where M is degenerate in A,C,G
and N in all bases) followed by the polymerase chain
reaction using a combination of arbitrary 10mers andDiabetic nephropathy is the major cause of end-stage
T12MN. Parallel comparison, by polyacrylamide gelrenal failure in the Western world and affects more
electrophoresis, of the sets of cDNA fragments gener-than 30% of patients with both insulin dependent and
ated under different conditions being studied, providesnon-insulin-dependent diabetes. We are interested in
a means of identifying differentially expressed cDNAs.investigating the molecular changes that occur in the
This technique has successfully allowed the isolationkidney during the onset and progression of diabetes
and identification of a number of differentially ex-mellitus in order to identify molecular markers for di-
pressed genes in eukaryotic cells of many types and aagnostic and therapeutic use. It is well recognised that
number of different diseased states (9-15). Moreover,
glucose-regulated genes have been isolated from bovine
retinal pericytes (10, 15), bovine aortic smooth muscle1 The DNA sequences described in this paper have been assigned

the following accession numbers: CDK1-X89821; CDK2-X89823; cells (11) and rat cardiac ventricles (12). To date there
CDK3-X89818; CDK4-X89820; CDK5-X89822; CDK6-X89817; are no published reports of attempts to identify renalCDK7-X89824; CDK8-X89819.

genes which change in levels of expression as a re-2 Corresponding author. Fax: (0)171 333 4500. E-mail: afshan.malik@
kcl.ac.uk. sponse to hyperglycaemia in vitro or in vivo. In this
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Expression analysis. The method of Mou et al. (18), uses slot blotstudy we have used the kidneys of the GK rat at pro-
screening, to confirm differential expression, was performed with agressive stages of diabetes in conjunction with the dif-
few modifications. Plasmid DNA from putative differential cDNAferential display technique to identify glucose-induced fragments cloned in pGEM-T vector (15 mg) was blotted onto nylon

renal genes. Characterisation of such genes will aid in membranes (Hybond nfp; Amersham International, UK) using the
minifold II slot blot apparatus (Schleicher and Schvell, Inc., Keene).elucidating the underlying molecular mechanisms that
The slot blot membrane was then differentially screened using cDNAare occurring in the diabetic kidney and may ultimately
probes generated from 0.5 mg poly A/ RNA from kidneys of 6 weekprovide markers for diagnostic purposes or therapeutic
old (GK6) and 26 week old (GK26) GK rats. 80% incorporation of [a-

intervention of diabetic renal complications. 32P]-dCTP for both probes was used to allow representation of less
abundant mRNAs. The membranes were hybridised with the GK26
week probe, stripped (50% formamide in 50 mM sodium phosphate

MATERIALS AND METHODS buffer (pH 6.5); 65 7C for 1.0 hour) and reprobed with the GK6 week
probe. Membranes were hybridised in 61SSC, 1.251 denhardts,
0.5%SDS, 300ng denatured sonicated salmon sperm DNA and dena-Rats. Male and female GK rats at defined ages (6,16 and 26
tured probe (1.0 1 106 cpm/ml) at 65 7C for 16 hours then washedweeks) were obtained from the University Hospital of Wales Biomed-
to a high stringency of 0.11SSC/0.1%SDS at 65 7C. The washedical Services Institute. They were housed in a temperature-regulated
membranes were exposed to Kodak AR film with intensifying screensroom with artificial light providing a 12h-light/12h-dark cycle. The
at 070 7C for 5 days. Quantification of the intensity of the bandsrats were fed on a standard pellet diet, supplied ad libitum, or prior
was performed using the UVP system 5000 (Ultra Violet Productsto blood glucose measurements, starved overnight. Glucose concen-
Ltd, Science Park, Cambridge, UK). The fold increase or decrease intrations were measured (model 23AM glucose analyser) in blood sam-
expression was calculated by the ratio of GK26 to GK6 week mea-ples from the tail vein of the rat. GK rats (6,16 and 26 weeks) dis-
sured intensities or GK6 to GK26 band intensities respectively. Mea-playing a steady increase of 6 (normoglycaemic) to 13 mM (hypergly-
sured intensities were corrected using glyceraldehyde-3-phosphatecaemic) plasma glucose concentrations were used for further studies.
dehydrogenase (GAPDH) as the internal standard and pGEM-T vec-

RNA isolation. Total cellular RNA was isolated from GK rat kid- tor was used as the negative control since all candidate differentially
neys by acid-guanidinium isothiocyanate-phenol-chloroform extrac- expressed cDNA fragments were cloned into this vector.
tion (16). At least 3 different GK rat kidneys at each age were used for
isolation of total RNA. Removal of chromosomal DNA contamination
from total cellular RNA was carried out (17) and the RNA was quanti- RESULTS AND DISCUSSION
tated by absorbance at 260nm.

Identification of differentially expressed cDNA fragments using dif- Differential display was carried out using total RNA
ferential display. Differential display was performed essentially as from kidneys at progressive stages of hyperglycaemia.described by Liang & Pardee (8). DNA-free RNA (1mg ) was reverse

Comparison of the displays generated using GK kid-transcribed in a 20 ml reaction volume using either T12MA, T12MC or
neys at different stages showed that the majority ofT12MG primers (synthesised by R&D Systems) where M represents a

3 fold degeneracy for A, C and G. Polymerase chain reaction was the bands were of equal intensity in all samples (data
performed in reaction mixtures (20 ml) containing 1/10th volume of not shown). Using these bands as internal standards
the reverse transcription mixture, 2 ml appropriate anchored oligo- we were able to identify putative differentially ex-dT primer (25 mM), 1 mL of 10mM random 10mer (OPB-01 to OPB-

pressed bands. The bands selected for further study08, Operon Biotechnology Inc.; GC content 60 - 70%), 2 ml 101 PCR
included the following three types: bands present atbuffer, 2 mM each of dATP, dCTP, dGTP and dTTP, 0.5 ml [35S]-dATP

(ú3000mCi/mM), 1.6 ml MgCl2 (25mM), 0.2 ml Taq polymerase (5U/ specific stages of the disease and absent at others,
ml) and overlaid with 20 ml mineral oil. PCR was carried out in a bands which showed increased intensity with increas-
Perkin Elmer 480 DNA Thermal Cycler using the following parame- ing glucose concentrations and bands which showedters: denaturation at 95 7C for 5 minutes followed by 40 cycles at 94

decreased intensity with increasing glucose concentra-7C for 30s, 40 7C for 2 min, 72 7C for 30s and then a final extension
at 72 7C for 10 min. The PCR products were separated on a 6% tions. Approximately 5000 bands were observed and
polyacrylamide gel, dried down and exposed to blue sensitive X-ray 1.5% of the mRNAs appeared to be differentially ex-
film (GRI Ltd, UK) to allow for identification of putative differentially pressed in the kidneys of the GK rats during disease
expressed cDNA fragments. All appropriate controls were employed.

progression. A total of 70 putative differentially ex-To ensure that banding pattern and intensity of bands was reproduc-
pressed cDNAs were detected and excised (data notible, total RNA from kidneys of different rats at the same age was

utilised and duplicate RT-PCR reactions were performed. shown). The majority of fragments excised showed
changes in intensity but were present at all stages.Band recovery, cloning, and DNA sequencing. Bands of interest
These fragments were designated candidate diabetes-were excised, rehydrated and the DNA was reamplified by PCR using

the appropriate primer combination under the PCR conditions stated associated kidney genes (CDK).
above except that the dNTP concentration was 20 mM and no radio- From the 70 CDK fragments, 8 were randomly se-
isotope was included. Reamplified DNA was visualised on a 2% aga- lected for detailed characterisation (Table 1). For theserose ethidium bromide stained gel. The putative differentially ex-

eight CDK fragments, re-amplification had resulted inpressed cDNA fragments were cloned using the pGEM-T Vector Sys-
the production of a single band of expected size (datatem (Promega Corporation, UK) and insert size of all subclones was

confirmed by restriction enzyme digestion (Apa I and PstI; Promega not shown). CDK1,2,4,6 and 7 were selected on the
Corporation, UK) of the recombinant plasmids. The pGEM-T clone basis of increasing intensity with increasing hypergly-
inserts were manually sequenced, both strands, using Sequenase caemia whereas CDK3 and 5 displayed a decrease inversion 2.0 kit (Amersham International, UK). Sequence analysis

intensity with increasing hyperglycaemia. CDK8 waswas performed using the University of Wisconsin Genetic Computer
Group software package. selected as a control as it appeared to be equally ex-
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TABLE 1 315bp are shown in Figure 2. Due to the nature of
the differential display technique, these inserts shouldClones Selected for Detailed Characterization
contain the random primer at the 5* end and the an-

Size of Reason Change in chored primer at the 3 * end and thereby should repre-
Display fragment for mRNA sent the 3 * regions of mRNAs expressed in the kidneys

Clone detected in* (bp) excision† expression‡ of GK rats. All the clones except CDK1 contained the
anchored primer at the 3 * end and the random primerCDK1 T12MA/OPB-06 298 F 4.20F

CDK2 T12MA/OPB-06 311 F 1.08F at the 5* end. In the case of CDK4 the random primer
CDK3 T12MA/OPB-06 252 f 2.20f contained 6 of the 10 bases, suggesting mismatches
CDK4 T12MA/OPB-07 253 F 5.00F during PCR amplification. The presence of the 2 prim-
CDK5 T12MG/OPB-06 315 f 4.00f

ers in the expected positions suggested that theseCDK6 T12MG/OPB-07 263 F 5.00f

clones represent the 3 * end of genes expressed in theCDK7 T12MG/OPB-08 172 F 4.00f

CDK8 T12MG/OPB-05 190 } 4.40F kidneys of the GK rat. CDK1 contained the random
primer at the 5* end but not the expected anchored

* Primer combination (anchored oligo/random primer) used for dif- primer at the 3 * end of the clone. However, subsequentferential display in which the CDK fragment was isolated.
analysis revealed that CDK1 also represented the 3 *† By differential display, the cDNA fragment showed either an
untranslated region of a specific gene (see below).increase (F) or decrease (f) in band intensity or remained at equal

intensity (}) with progressive hyperglycaemia. CDK2, 3, 4, 5, 7 and 8 contain putative polyadenylation
‡ Increase (F) or decrease (f) in mRNA expression as determined signals which are located at positions 10 to 20 bases

using slot blot differential screening (see methods). upstream from the poly A/ tail (Figure 2) further sup-
porting the view that these cDNA fragments represent
the 3 * untranslated end of the corresponding mRNAs.

In order to determine whether the CDKs representpressed at all stages investigated. CDK1 to CDK8 were
cloned into pGEM-T vector and characterised further. previously reported DNA sequences, searches of Gen-

EMBL database (Blast) were carried out for CDK1-8.The mRNA expression of CDK1-8 in kidneys from 6
week and 26 week GK rats, representing progressive CDK2, 4, 5 and 6 displayed no significant homologies
stages of hyperglycaemia, was investigated using a slot
blot screening method (18). This method utilises mRNA
from 2 stages of disease which is radioactively labelled
and used as a probe against slot blots of candidate
differentially expressed genes. Differential expression
was evaluated using GAPDH as and internal standard.
To confirm that GAPDH is not differentially expressed
in the diabetic kidney northern blot analysis was per-
formed and it was shown that GAPDH mRNA expres-
sion in the 6 and 26 week old kidneys of the GK rat
not does not appear to change (Figure 1a). DNA pre-
pared from the pGEM-T vector with no insert was used
as a negative control and showed no hybridisation to
either probes (Figure 1b). Positive signals for CDK1-8
and GAPDH were detected and confirmed their renal
mRNA expression. After correction for GAPDH mea-
sured intensity, the results showed that CDK1, 2, 4
and 8 mRNA expression increase and CDK3, 5, 6 and
7 mRNA expression decrease with progressive hyper-
glycaemia (Table 1). The pattern of differential expres- FIG. 1. (a) mRNA expression of rat glyceraldehyde-3-phosphate
sion for CDK1-5 was the same as that for the original dehydrogenase (GAPDH) in kidneys of 6,16 and 26 week old GK rats.

20 mg of total RNA from GK 6 (lane 1), 16 (lane 2) and 26 (lane 3)detection by differential display. However CDK6 and
week old kidneys were northern blotted and probed with GAPDH.CDK7 display the opposite pattern of expression when
The top panel represents the ethidium bromide stained agarose/compared to the original reason for their detection by formaldehyde gel containing the total RNA and the bottom panel

differential display. Nevertheless CDK6 and 7 still ap- represents the GAPDH mRNA present in the kidneys of the diabetic
pear to be transcriptionally modulated. Interestingly rats. (b) Slot blot screening of CDK clones. Plasmid DNA containing

CDK1-8 cDNA fragments and GAPDH and pGEM-T vector wereCDK8 which showed no alteration in expression with
blotted onto nylon membrane and differentially screened usingprogressive hyperglycaemia by differential display
probes prepared from poly A/ RNA isolated from GK rat kidneysdoes appear to be slightly upregulated (Table 1). at 6 weeks and 26 weeks which represented progressive stages of

CDK1-8 were subjected to DNA sequencing and the hyperglycaemia. GAPDH represents a positive control and pGEM-T
vector represents a negative control for differential screening.deduced CDK insert sequences ranging from 173bp to
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in differential display or species differences between
rat and mouse as in the case of CDK8.

Although CDK1-8 show changes in levels of renal
mRNA expression during progression of diabetes (Fig-
ure 1), this does not necessarily mean that the corre-
sponding protein changes. Therefore CDK1-8 need to
be treated as potential candidate diabetes-associated
renal genes and further detailed studies are required to
implicate these genes with a role in diabetes. However,
recent reports concerning LDH, aENaCh and UbLP
leads to exciting possibilities of their import in diabetes
and diabetic renal injury. Firstly, it has been known
for a long time that the LDH isoform pattern changes
in diabetic patients with vascular complications (23)
and recently a major disturbance in intracellular lac-
tate/pyruvate metabolism in NIDDM has been estab-

FIG. 2. Nucleotide sequences of CDK1-8. Flanking primer se-
quences are underlined and putative polyadenylation signals are in
bold. Mismatches in 5* 10 mer of CDK4 are shown in lower case
letters.

to previously reported sequences, suggesting that they
may represent novel diabetes-associated renal genes.
However, since the 3 * untranslated regions of genes
usually display little conservation between species it is
possible that these genes have been cloned in other
species. CDK7 displayed 93% identity to an EST frag-
ment (data not shown) isolated from rat PC-12 cells
stimulated with nerve growth factor (19). EST109013
shows no significant homologies to previously reported
sequences suggesting that CDK7 may represent a
novel diabetes-associated renal gene. CDK1, CDK3 and
CDK8 displayed significant homology to rat lactate de-
hydrogenase [LDH; 98% identity] (20), alpha subunit
of rat amiloride sensitive sodium channel [aENaCh;
89% identity] (21) and mouse ubiquitin-like protein
[UbLP; 78% identity] (22) respectively (Figure 3). The
strong identity indicates that we have isolated the 3 *
untranslated region of the LDH, aENaCh and UbLP
genes from the kidneys of GK rats. Differences between

FIG. 3. Nucleotide sequence homology of (A) CDK1 and rat lac-CDK3 and aENaCh isolated from rat colon (21) and
tate dehydrogenase (LDH; Accession No. X01964) (B) CDK3 andCDK8 and UbLP detected in mouse brain (22) were
alpha subunit of rat amiloride sensitive epithelial sodium channelobserved at the 5* end of the two sequences. The mis- (aENaCh; Accession No. X70521) and (C) CDK8 and mouse ubiquitin

matches could be the result of tissue specific splicing, like protein (UbLP; Accession No. D10918). Identical residues are
shown as É and gaps inserted are represented by dots.errors which arise during the amplification procedure
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M. T., Portha, B., James, M. R., Penicaud, L., Lathrop, M., andlished (24). These factors plus our detection of altered
Ktorza, A. (1996) Nat. Genet. 12, 38–43.LDH mRNA expression in the diabetic kidney pin-

6. Yagihashi, S., Kakizaki, M., and Keseda, N. (1978) Diabetologiapoints this enzyme for further investigation. Secondly,
15, 309–312.

ENaCh, is involved in mediating Na/ reabsorption in 7. Goto, Y., and Kakizaki, M. (1981) Proc. Japan. Acad. 57, 381–
the epithelial cell (25) and has been implicated to have 384.
a pathophysiological role in diseases where dysfunction 8. Liang, P., and Pardee, A. B. (1992) Science 257, 967–975.
of Na/ reabsorption such as hypertension occurs 9. Liang, P., Averboukh, L., Keyomarsi, K., Sager, R., and Pardee,

A. B. (1992) Cancer Research 52, 6966–6968.(26,27). We have detected changes in mRNA expression
10. Aiello, L. P., Robinson, G. S., Lin, Y-W., Nishio, Y., and King,of the alpha subunit of ENaChl. Patients with diabetes

G. L. (1994) Proc. Natl. Acad. Sci. USA 91, 6231–6235.mellitus, especially those with renal complications, dis-
11. Nishio, Y., Aiello, L. P., and King, G. L. (1994) FASEB J. 8, 103–play abnormalities in Na/ balance, blood volume and

106.blood pressure (28), metabolic activities regulated by
12. Nishio, Y., Warren, C. E., Buczek-Thomas, A., Rulfs, J., Koya,ENaCh, which infers possible dysfunction of this chan- D., Aiello, L. P., Feener, E. P., Miller, T. B. Jr., Dennis, J. W.,

nel in the diabetic kidney. Thirdly, several UbLP have and King, G. L. (1995) J. Clin. Invest. 96, 1759–1767.
been identified recently (22,29). Their functional sig- 13. Francia, G., Mitchell, S. D., Moss, S. E., Hanby, A. M., Marshall,

J. F., and Hart, I. R. (1996) Cancer Research 56, 3855–3858.nificance is not known but it is thought that they may
14. Grekova, M. C., Robinson, E. D., Faerber, M. A., Katz, P., McFar-be involved in specialised ubiquitin related functions

land, H. F., and Richert, J. R. (1996) Annals of Neurology 40,such as protein-protein interactions (29). Our detection
108–112.of a UbLP in the kidney warrants more detailed studies

15. Takagi, H., King, G. L., and Aiello, L. P. (1996) Diabetes 45,of this protein into its metabolic function and potential 1016–1023.
role it has in diabetes. Interestingly, a recent report 16. Chomzynski, P., and Sacchi, N. (1987) Anal. Biochem. 162, 156–
concerning the identification of Nedd4 (30) a possible 159.
regulator of ENaCh shows that this protein contains a 17. Liang, P., Averboukh, L., and Pardee, A. B. (1993) Nucleic Acid

Research 21, 3269–3275.ubiquitin ligase domain. It is suggested that Nedd4
18. Mou, L., Miller, H., Li, J., Wang, E., and Chalifour, L. (1994)binds to ENaCh, leading to ubiquination of the channel

Biochem. Biophysic. Res. Commun. 199, 564–569.and subsequent degradation. This connection between
19. Lee, N. H., Weinstock, K. G., Kirkness, E. F., Earle-Hughes,ENaCh and Ubiquitin mediated functions emphasises

J. A., Fuldner, R. A., Marmaros, S., Glodek, A., Gocayne, J. D.,the need for detailed studies on these metabolic sys- Adams, M. D., Kerlavage, A. R., Fraser, C. M., and Venter, J. C.
tems in the diabetic kidney. (1995) Proc. Natl. Acad. Sci. USA 92, 8303–8307.
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