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ABSTRACT Application of such new methods to pathological specimens is
expected to greatly facilitate categorizing diseases and under-
standing disease processes (9,10). However, the availability of
fresh disease tissue specimens is very limited, and they are

Formalin-fixed archival samples are known to be
poor materials for molecular biological applications.

We conducted a series of experiments to understand used only for prospective studies. Accordingly, formalin-fixed
the alterations in RNA in fixed tissue. We found that samples, which have been archived in quantity in pathology
formalin-fixed tissue was resistant to solubilization departments, along with their clinical histories and prognoses,
by chaotropic agents. However, proteinase K are attracting increasing attention as RNA sources.
completely solubilized the fixed tissue and enabled Since Ruppetal.(11) first reported northern hybridization of
the extraction of almost the same amount of RNA as formalin-fixed samples in 1988, significant efforts have been
from a fresh sample. The extracted RNA did not show made toward recovery of RNA from formalin-fixed tissues.

After von Weizsackeet al.(12) successfully amplified endogenous
mRNA from archival material, various modifications were
made to the extraction steps, using RT-PCR to evaluate the
outcome (13-18). In all reports, successful amplifications were

apparent degradation. However, as reported, successful
PCR amplification was limited to short targets. The
nature of such ‘fixed RNA was analyzed using

synthetic homo-oligo RNAs. The heterogeneous limited to small fragments and sensitivities in transcript detection
increase in molecular weight of the RNAs, measured were much worse than with fresh material, although their alterations
by MALDI-TOF mass spectrometry, showed that all to the protocols did improve the results somewhat. The
four bases showed addition of mono-methylol (-CH ,OH) following three possibilities have beep state_d as the reasons_for
groups at various rates. The modification rate varied the poor results: RNA was degraded in the tissue before, during
from 40% for adenine to 4% for uracil. In addition, or after fixation (19); the RNA was resistant to extraction (20)

probably due to cross-linking with proteins (21); the extracted
RNA from fixed specimens was chemically modified by
formalin in a way that is still elusive (22,23). However, direct

some adenines underwent dimerization through
methylene bridging. The majority of the methylol

groups, however, could be removed from bases by evidence for each of these possibilities and thoughtful investi-
simply elevating the temperature in formalin-free gation regarding the contribution of these three possibilities to the
buffer. This demodification proved effective in overall results has been lacking.

restoring the template activity of RNA from fixed In this study, we conducted experiments to evaluate these
tissue. The improvement in PCR results suggested three factors independently and optimized the procedure to
that more than half of the modification was removed extract RNA suitable for molecular biology applications from
by this demodification. formalin-fixed archival specimens.

INTRODUCTION MATERIALS AND METHODS

Messenger RNA in a cell is a snapshot of the real time activity xation of tissue samples

of its genome, depicting what genes are expressed and to whaver tissues excised from female weaning mice were used.
extent. Accumulation of human gene sequences and advancafier resection, liver was dissected into uniform samples
in transcript detection methods such as RT-PCR (1-4) angleighing ~100 mg. Some pieces were immediately frozen in
differential display (5) have enabled researchers to see a part liuid nitrogen and stored at —80 to serve as control fresh
this picture. Moreover, the recent innovation of microarraymaterial; the others were soaked in neutral phosphate-buffered
based-hybridization techniques has shown the possibility dbrmalin (10%, pH 7.0; Nakarai Tec.) and incubated & for
reading a significant part of this picture at one time (6-8)varying lengths: 16 h or 2, 3, 5 or 7 days. After fixation, the
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tissues were dehydrated with increasing concentrations df0Oul of each of these oligo RNAs, and the mixture was
ethanol with the final step in 100% ethanol at least overnightincubated under various conditions@for 16 h and 4C for
and stored at4C for 1 month before RNA extraction. 7 days). After incubation, RNAs were pelleted by adding 2 vol
) of cold ethanol and were then centrifuged at 15 000 r.p.m.
RNA extraction (12000 g) in a microfuge for 30 min. RNA pellets were
The acid guanidinium/phenol/chloroform (AGPC) methad. dissolved in 20Qul of distilled water.
modified protocol described by Chomczynski and Sacchi (24) One hundred micrograms of purified total RNA extracted
was used. Briefly, 100 mg of tissue were homogenized irfrom fresh mouse liver were incubated in 20®f 10% buffered
2.0 ml of a solution containing 4 M guanidinium thiocyanate,formalin at #C for 16 h. This concentration is similar to the
25 mM sodium citrate (pH 7.0), 0.5% sarcosyl, 0.1 M 2-mercaptoRNA concentration in tissue (RNA amount per unit volume of
ethanol and incubated for 10-60 min with occasional vortexindiver). RNA was pelleted by ethanol precipitation and
at room temperature. Then, 0.2 ml of 2 M sodium acetatalissolved in distilled water.
(pH 4.0), 2.0 ml of phenol (water saturated) and 0.4 ml of . .
chloroform/isoamyl alcohol (49:1) were added and mixedMass spectrometric analysis
Prior to centrifugation at 10 00@for 20 min, the solution was The changes in molecular weights of oligo RNAs were
chilled on ice for 15 min. After centrifugation and precipitation observed by matrix-assisted laser desorption/ionization time-
by ethanol, the resulting RNA pellet was dissolved in 406f  of-flight mass spectrometer (Voyager™-RP MALDI-TOF/
RNase-free water. MS; Perkin Elmer Biosystems). Samples were prepared
according to the manufacturer’s instructions. Briefly, residual
Proteinase K digestionA modified protocol described by salts in oligo RNA solution were removed by passing them
Shibataet al. (25) and Jacksoet al. (26) was used for pro- through a micro cation exchange column (B8BW-X8 resin;
teinase K digestion. The 100 mg samples of tissue werBioRad Laboratories). For each run, 1 ml of sample, ~100 pmol/ml,
homogenized in 1.0 ml of digestion buffer (200 mM Tris—HCI, was mixed with 4 ml of matrix (3-hydroxypicolinic acid), applied
200 mM NacCl, 1.5 mM MgCJ, 2% SDS, pH 7.5) with 50Qg  to the sample plate and air dried.
proteinase R (Sigma Chemical Co.) and incubated at@3or .
1 h. Tissue lysate was extracted with 1.0 ml of liquified phenol/COmMplementary DNA synthesis
chloroform/isoamy! alcohol (25:24:1) followed by 1.0 ml of One microgram of total RNA and 0.6g of oligo(dT),_;5
chloroform. After precipitation by ethanol, the RNA pellet was primers (Life Technologies) were heated injillof RNase-free
dissolved in 40Qul of RNase-free water. To ensure elimination water at 70C for 5 min and then chilled on ice. The reaction
of genomic DNA, each sample was then incubated for 1 h amixture was made up to a final volume of 0, containing
37°C with 1 U DNase | (Life Technologies) perg of total 4 ul of 5x RT buffer (consisting of 250 mM Tris, pH 8.3,
RNA, followed by inactivation at 78C for 5 min. 375 mM KCl and 15 mM MgC)), 2l of DTT (100 mM), 1pl
of dNTPs (10 mM each dATP, dCTP, dGTP and dTTP), and
200 U of SuperScript Il (Life Technologies). The reaction
With the help of the program Oligo v.4.0 (National Biosciencesmixture was incubated at 42 for 60 min and 72C for 15 min.
Inc.) primers were designed on mRNA of apolipoprotein AThen, 2 U of RNase H (Life Technologies) were added to the
(accession no. L04151), apolipoprotein E (M12414), a@d  mixture, and it was incubated for 20 min at°&7.
macroglobulin (M93264), which are abundant in mouse liver. To monitor the extent of cDNA synthesis, reverse transcription
For each cDNA, one antisense primer (23mer) that anneals iwas performed as described above, except that the final
the 3-untranslated region with its&nd at nucleotide position concentration of dTTP was reduced to 0.2 mM angdl of
either 812, 957 or 4513, respectively, was made. Altogethgmethyl,¥,2’-3H]thymidine 5-triphosphate (1 mCi/ml) (Amer-
16 sense primers (23mers) were made to amplify 133-4035 kgham) was added to the reaction mixture. The reaction products
cDNA fragments with one of these antisense primers. were electrophoresed on a 1% alkaline agarose gel containing
PCR was performed in a 20 volume containing &« PCR 50 mM NaOH, and the gel was soaked in 10% trichloroacetic
buffer (10 mM Tris, pH 9.0, 50 mM KCI, 0.01% wi/v gelatin, acid for 30 min. The size marker lane was separated and
1.5 mM MgClL, 0.1% Triton X-100), 0.4uM each specific stained with SYBRGreen | (FMC), and a photograph was
primer, 144uM each dATP, dCTP, dGTP and dTTP, 1 U of taken for later comparison. After complete dehydration, the gel
AmpliTag® DNA polymerase (Perkin Elmer), and @l of was exposed to a BAS-1800™ imaging plate reader (Fuiji
cDNA from the RT reaction. After an initial incubation at®l  Photo Film Co. Ltd), and radioactivity was measured. The
for 5 min, the reaction mixtures were subjected to 35 cycles ofreheating demodification process in which RNAs were
amplification using the following sequence: “@for 30 s, incubated in TE (10 mM Tris—HCI, pH 7.0, 1 mM EDTA)
55°C for 30 s, and 7ZC for 60 s. This was followed by a final buffer at 70C for various times (10, 20, 30 and 60 min) was
extension step at 7€ for 10 min. Five microliters of the reaction done before annealing with the oligo(dT) primers.

mixture were run on a 2% agarose gel and visualized with ) .
ethidium bromide. Calculation of modification rate

Detection of specific transcripts by PCR

The probability of modification for each nucleoside (modified
base/total base) in homo-oligo RNA was determined as
Four kinds of homopolymeric octamers of ribonucleotidesfollows. Assuming equal reactivity at all positions of bases, the
rA8, ruU8, rG8 and rC8, were synthesized (Genset SA). Eacfraction of octamer possessing mono-methylol additions at a
oligo RNA was adjusted to 200 pmpl/with distilled water.  multiplicity of n (F,) is given by the equatioR, = ¢C, x a" x

An equal volume of 20% buffered formalin was added to(1 —a)8-", wherea represents the probability of modification

Formalin treatment of synthetic oligo RNAs and cellular RNAs
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for each nucleoside. For a seriesaofalues from 0.001 to 0.8 A AGPC ProK
with an increment of 0.001F,—Fg; were calculated. The M Presh Pixed rresh rixed
modification ratea was determined as the value that gives the
calculatedr,—Fg closest to the observed values.

The changes in the modification ratio of cellular RNA were
determined as follows. The probabiliti?) of a region longer
thanL being free from modification is given by the equation
P(L) = (1 —m)t, where the modification rate of unit lengthris
By assuming that positive PCR results require a certain amount
of unmodified fragment, am-fold increase in positive PCR
amplicon size by a reduction of the modification ratentb
indicates the relatioR(L) = P(nL). Using the equation above,
this can be written as (1 m)- = (1 —n)"L, Whenm s smalll
enough, this equation can be approximatethas m'nL. This
equation means that amfold increase in amplicon size )
corresponds to an-fold decrease in modification ratey. ¥ (-)16h2d3d 5d T4

-— 2085

<— 185

Incubation in BF

RESULTS

Comparison of RNA extraction methods from
formalin-fixed tissue

We first tested the most popular two methods, the proteinase
K-based method and the AGPC method, for extracting RNA
from formalin-fixed tissues. As a material, we used a liver
block fixed in 10% buffered formalin (BF) and stored for 1 month
after fixation at 4C. A slice of tissue, ~100 mg, from this
block was subjected to each of these extraction methods. With
the AGPC method, even after extensive homogenization or
prolonged incubation in guanidinium thiocyanate solution for

uptol h, small tissue fragments remained visible. In ContraS_E’igure 1. (A) Total RNA extracted by the AGPC and proteinase K methods

another slice was completely digested in proteinase K lySigom mouse fresh-frozen or formalin-fixed liver tissues. Incubation in BF was
buffer by incubation at 4% for 1 h. Reflecting the difference for 16 h at 4C, and the tissue block was dehydrated in alcohol and stored at
in tissue solubilization ability the yield of RNA was 10-fold 4°C for 1 month before RNA extraction. Starting with 100 mg tissue slices, 1/200

. . iy . . f the RNA extracted was fractionated in 1% TBE agarose and stained with
more with the proteinase K digestion method than that with th&iium bromide. M, 1 kb DNA ladder (Life Technologies®) Effect of the
AGPC method (Fig. 1A). The RNAyield W|th.the proteinase K length of incubation in BF on the extracted RNA. Tissue slices (100 mg) were
method was not affected by prolonged incubation in BFsoaked in BF for from 16 h to 7 days as indicated, and RNAs were extracted
(Fig. lB). With the proteinase K method. no apparent differencéy a proteinase K-based method. Sections were processed as above: 1/200 of

- - . the yield was applied to 1% agarose along with RNA from a fresh liver slice.

was found in the amount and integrity of extra(_:te_d R[\IAM’ 1 kb DNA ladder.
between the fixed and fresh frozen specimens of similar sizes.
From these results, we concluded that the fixation process,
i.e. incubation in BF and ethanol dehydration, did not degrade
RNA and that sufficient RNA was extractable if the proper

method for tissue solubilization was selected.

These correlations have been pointed out before (19,27-29),
but, in our present studies, the effect of RNA fragmentation
and insufficient extraction of RNA was ruled out, as shown
above (Fig. 1B). Contamination by some unknown inhibitory
The applicability of these RNAs from formalin-fixed tissues factor in the RNA preparation (30) was unlikely because
(in situ fixed RNA) to molecular biological analyses was adding a solution ofn situ fixed RNA to fresh RNA did not
assessed by RT-PCR. As targets, mRNAs for apolipoproteiimterfere with amplification of all the amplicons (data not
A, apolipoprotein E ando2-microglobulin were selected. shown). Thus, the remaining possibility was that RT-PCR was
Sixteen primer pairs spaced from 133 to 4035 bp designed dmpaired because RNA was modified by tissue fixation.
one of these three transcripts were used to evaluate template o )
ability. In most cases, the pairs were set on different exons tyledification of synthetic oligo RNA by formalin
easily discriminate between the products and contaminatingo assess the modification that occurredroaitu fixed RNA,
genomic DNA. Under conditions that allow PCR amplification we first used synthetic homo-octamers of ribonucleotides (rA8,
of all 16 fragments from RNA of fresh liver samples, long rC8, rG8, and rU8) as model reactants. These homo-oligo RNAs
amplicons could not be amplified fromm situ fixed RNAs.  were treated with formalin under conditions that mimic tissue
This impairment of amplification by fixation appeared to befixation (100 pmoljl in BF at 4°C), and the changes in the
positively correlated with the size of the amplicon and themolecular weights were observed by time-of-flight mass
length of incubation in BF (Fig. 2). spectrometry.

Impairment of RT-PCR by formalin fixation
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calculated for each oligo (Fig. 4). In the case of rA8, the addition
rate was 39.2% after formalin treatment for 16 h & Awhich

was increased to 62.1% by formalin treatment for 7 days. For the
least active uracil group, these addition rates were 3.8 and 4.0%,
respectively. Only in the reaction with rA8, 12 a.m.u. heavier
peaks accompanied each of the major peaks. These minor peaks
probably represented methylene bridging products between
neighboring bases (N-CHN) formed by condensation of
amino bases antl-methylols. The heights of minor peaks
were about a quarter of the nearest major peaks, suggesting
that one-fifth of the mono-methylol derivatives underwent
condensation.

It was easily imagined that reverse transcription was
impeded at such modified bases and dimers. Expecting a
reversible nature of the methylol addition, these formalin-
treated RNAs were incubated at°@for 1 h after replacing
the solvent with TE buffer by ethanol precipitation. The
temperature was determined as the highest temperature that would
not hydrolyze the phosphate backbone. As expected, the majority
of methylol groups were released by this procedure (Fig. 3c and e).
For example, the modification rate of adenine estimated from the
peak pattern decreased from 39.2 to 10.3% (Fig. 4).

Modification of fixed cellular RNA

We then investigated the modification of cellular RNA fixed
eitherin vitro orin situ. The extent of modification was monitored
by cDNA synthesis and RT-PCR. Complementary DNA
synthesized on purified RNA incubated in BF for 16 itro

fixed RNA) was considerably shorter in length and less in
amount than the original RNA (Fig. 5). Such impeded cDNA
synthesis was in part recovered in a time-dependent manner by
heating the RNA at 7 (Fig. 5). The improvement in cDNA
synthesis by preheating was further demonstrated by PCR
amplification of fragments of various sizes. Preheating the
fixed RNA clearly made the size limit longer (Fig. 6A).

Next, the effect of preheating on tle situ fixed RNA was
evaluated by RT-PCR (Fig. 6B). Despite the presence of other
reactive groups in a cell, the results were basically the same as
those within vitro fixed RNA. The impaired synthesis first
observed was partially recovered by heating the RNA. The
difference fromin vitro fixed RNA was that the changes,
impediment by fixation and recovery by heating, were less
Figure 2. Examples of RT—PCR results using RNAs from liver tissue incubatedwith in situ fixed RNA.
in BF for various lengths of time. Sixteen primer pairs, which amplify 133—4035
bp from three mMRNAs (apolipoprotein A, Apo-A; apolipoprotein E, Apo-E;
o2-macroglobulin, MG), were tested. The target MRNA and expected producDISCUSSION

size are given above each lane. Each panel represents the indicated length of incu- .
bation in BF before dehydration and storing &4or 1 month. The RNA from 10 date, various methods have been employed to extract RNA

fresh-frozen liver tissue was used as a control. M, 1 kb DNA ladder. from formalin-fixed materials. Digestion with proteinase K
followed by alcohol precipitation is the classic method (11,26)
and the AGPC method has become popular, mainly due to its
. . simplicity (14,17,27). In our hands, formalin-fixed tissue was
Formalin treatment made the oligo RNA of homogeneousegisiant to solubilization by saturated guanidinium thiocyanate
weight into a mixture of products with heterogeneous moleculagg|ytion. In contrast, a proteinase K-based buffer completely
weights larger than the original oligo. In the mass spectrogrango|ypilized the same tissue sample resulting in nearly complete
of formalin-treated oligos, the major peaks were spacegecovery of RNA. The RNA was not degraded on prolonged
30 a.m.u. (atomic mass units) apart, indicating multiple additionfixation nor during storage at°@ for 1 month after fixation.
of a moiety of 30 a.m.u. (Fig. 3b and d). The multiplicities of However, the resulting RNA was a poor template for cDNA
these additions varied from one to eight. The most likely intersynthesis.
pretation of these patterns was mono-methylol addition to The reaction between formaldehyde and nucleotide mono-
amino groups of bases (N-GBIH). Using the ratio of variously mers has been shown to progress in two steps. The first step is
added products, the average addition rate for a base wasldition of a formaldehyde group to a base in the form of
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Figure 3. Examples of TOF mass spectrograms of oligo RNA (rA8) befayafid after incubation in BF af€ for 16 h p) or for 7 days €). (d ande) Spectrograms
of BF-treated RNAs after demodification at“@for 1 h in TE. Numbers on the peaks indicate the molecular weights assigned by mass spectrometry.

N-methylol (N-CH,OH). The second slow step is electrophilic In this study, we have demonstrated these two reactions as molec-
attack ofN-methylol on an amino base to form a methylene bridgeular weight changes of oligo RNA (Fig. 3) and determined the
between two amino groups (22,23). The reaction of formaldehydextent of progression of these two steps. The reactivity of the
with RNA has been speculated to progress in the same mannéases of RNA was in the order A, C >> G > U, which suggests
However, no direct evidence has been provided and the extent thfat the tertiary amino group was the primary target for formalin
the progression of these two reactions has never been evaluatattack. Nearly 40% of adenines received mono-methylol
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Figure 5. Complementary DNA synthesis on fregiyitro fixed and demodified

- + - + - + RNAs visualized by [BH]TTP incorporation. Processes before reverse transcription,
i.e. fixation at 4C for 16 h and demodification at 70, are indicated above
the lanes. Mobility of the size marker (1 kb DNA ladder) is given in the left margin.
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Figure 4. Modification rate of bases on oligo RNAs (rA8, rG8, rU8 and rC8).

Samples were treated in BF &Gfor 16 h (open circle) or for 7 days (closed

circle). For each oligo, modification rate of a base (modified bases/total bases)

was calculated from the peak heights of mass spectrograms taken before and after

the demodification process. Mean valueSDs were obtained from results of . .

five repeated runs of TOF mass spectrometry, attack_by mono-methylol bases of_RNA, disregarding DNA,
which is separated and condensed in the nucleus. The presence

of such extra targets, which possibly promote the second step

of the reaction, may explain the less reversible nature of modi-

. . o ficationin situ. Conversely, proper folding of RNA or bindin

addition after incubation in BF for 16 h atf@. We further proteins to RNA Wkﬁcﬁ V\ﬁ" reducg the exposed argea

showed that the majority of the methylol additions to 0ligogysceptible to electrophilic attack by formaldehyde, may be the

RNA were reversed by heating in TE buffer (Fig. 3). reason for less frequent modificatiomssitu.

In the cellular RNA, either fixedh vitro orin situ, the same  Ajthough we strongly suspected that modifications resistant
methylol addition appeared to be involved in the interruptionyg incubation at 76C were impeding reverse transcription, the
of reverse transcription because cDNA synthesis and RT-PCfagile nature of the phosphodiester bond of RNA precluded
results were improved by heating RNA prior to cDNA employing harsher conditions such as a higher temperature,
synthesis (Figs 5 and 6A and B). Although the extent of methylojjitferent pH or longer incubation. Incorporation of neutral

addition in cellular RNA cannot be determined from ournycleotides such as inosine triphosphate or testing other
results, the proportion of methylol addition to total modification isgyailable enzymes may improve cDNA synthesis.

evaluated from the size limits in successful PCR amplification. Among the bases of RNA, adenine appeared the most
For example, aftein vitro fixation for 16 h at 4C, the longest  susceptible to electrophilic attack in both the first and second
positive amplicon was 459 bp, but preheating increased it tgteps of the reaction (Fig. 4). We speculate that the poly(A) tail
1667 bp. Assuming that a certain fraction of the mMRNA waspf fixed mRNA is also heavily modified by these attacks.
unmodified and gave positive amplification, the recovery rate®ccordingly, without demodification, oligo(dT) would not
indicated that 72.5% of the modification was removed from theanneal well to the poly(A) tail nor extend cDNA synthesis by
in vitro RNA (see Materials and Methods for calculation). reverse transcriptase properly. Batch isolation of mMRNA using
Since other types of reversible modification were unlikely, thisoligo(dT) particles would not provide a good yield. The
fraction was regarded as methylol additions. The rest presumabdmployment of random priming in cDNA synthesis may well
represent other types of modification, such as bridging dimerignprove the RT-PCR result (31-33).

of amino bases. Compared withvitro fixed RNA, the modi- In summary, our observations show that the majority of
fication of in situ fixed RNA appeared less frequent but lessSRNA can be extracted from properly processed archival
reversible (Fig. 6A and B). Witn situfixed RNA, the longest samples. Although chemical modification by formalin does not
positive amplicon was initially 758 bp, which increased toallow the direct application of extracted RNA to cDNA
1667 bp after heating. Thus, the reversible fraction, probablgynthesis and RT-PCR, more than half of the modification is
methylol derivatives, was 54.5% im situ treated RNA. In  simple methylol addition, which is reversed by simply heating
fixation in situ, amino bases of proteins can be targets forin TE buffer. Our recommendations for researchers who make
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Figure 6. (a) Effect of demodification on RT-PCR resultsiofvitro fixed RNAs. Sixteen primer pairs were tested that amplify-28335 bp from three mRNAs
(apolipoprotein A, Apo-A; apolipoprotein E, Apo-E2-macroglobulin, MG). The target mMRNA and expected product size are given above each lane. Length of
incubation at 70C before cDNA synthesis in TE buffer is indicated on each panel. The RNA from fresh-frozen liver tissue was used as a control. M, 1 kb DNA
ladder. ) Effect of demodification on RFPCR results ofn situ fixed RNAs. The length of incubation in BF is indicated on each panel. All tissue blocks were
dehydrated after fixation and kept &tClfor 1 month before RNA extraction. The RNAs were all incubated 4€7@ TE for 1 h before RFPCR. The positive
amplicons that were absent in RT-PCR without demaodification (Fig. 2) are marked with asterisks (*).

or use archival samples are as follows: (i) avoid prolongeaho. 08283105 for Scientific Research on Priority Areas from
fixation that results in irreversible modification; (ii) use a the Ministry of Education, Science and Culture of Japan.
proteinase K-based protocol to extract RNA rather than a
chaotrqp_lc agent-based one; (iii) mtr_oduce a heating step PHYEFERENCES
to hybridization or reverse transcription.
1. Becker-André,M. and Hahlbrock,K. (1988)cleic Acids Resl7,
9437-9446.
ACKNOWLEDGEMENTS 2. Diviacco,S., Norio,P., Zentilin,L., Menzo,S., Clementi,M., Biamonti,G.,
Riva,S., Falaschi,A. and Giacca,M. (1992¢ne 122, 313-320.
We are grateful to Dr Takehiko Wada of Osaka University for 3. gg(lje)gsK-P-, Leonard,M.W. and Engel,J.D. (1998nds Genet9,
.. . . . 5.
gving Valuablef advice. ThIShV\;Ot’k r\]NaS Supported by gfrar?t 4. Bouaboula,M., Legoux,P., Pességué,B., Delpech,B., Dumont,X.,
no. 96L001.04 rom Researcl or the _FUture (RFTF) O t e Piechaczyk,M., Casellas,P. and Shire,D. (192Biol. Chem, 267,
Japan Society for the Promotion of Science and Grant-in-Aid  21830-21838.



10.

11.

12.

13.

14.

15.

16.

. Liang,P. and Pardee,A.B. (1993¢ience257, 967-971.
. Lockhart,D.J., Dong,H., Byrne,M.C., Follettie,M.T., Galllo,M.V.,

Chee,M.S., Mittmann,M., Wang,C., Kobayashi,M., Horton,H. and
Brown,E.L. (1996Nature Biotechno).14, 1675-1680.

. Schena,M., Shalon,D., Heller,R., Chai,A., Brown,P.O. and Davis,R.W.

(1996)Proc. Natl Acad. Sci. USA3, 10614-10619.

. McGall,G., Labadie,J., Brock,P., Wallraff,G., Nguyen,T. and

Hinsberg,W. (1996froc. Natl Acad. Sci. USA3, 13555-13560.

. Marton,M.J., DeRisi,J.L., Bennett,H.A,, lyer,V.R., Meyer,M.R.,

Roberts,C.J., Stoughton,R., Burchard,J., Slade,D., Dai,H., Bassett,D.E.,J
Hartwell,L.H., Brown,P.O. and Friend,S.H. (199831’[ure Med 4,
1293-1300.

Luo,L., Salunga,R.C., Guo,H., Bittner,A., Joy,K.C., Galindo,J.E.,
Xiao,H., Rogers,K.E., Wan,J.S., Jackson,M.R. and Erlander,M.G. (1999)
Nature Med., 5, 117-122.

Rupp,G.M. and Locker,J. (198B)oTechniquess, 56—60.

Von Weizsacker,F., Labeit,S., Koch,H.K., Oehlert,W., Gerok,W. and
Blum,H.E. (1991)Biochem. Biophys. Res. Commuiv4, 176-180.
Bresters,D., Cuypers,H.T.M., Reesink,H.W., Chamuleau,R.A.F.M.,
Schipper,M.E.I., Boeser- Nunn|nk B.D.M., LeI|e P.N. and Jansen,P.L.M.
(1992)J. Hepatol 15, 391-395.

Griffin,L.D., Kearney,D., Ni,J., Jaffe,R., Fricker,F.J., Webber,S.,
Demmler,G., Gelb,B.D. and Towbin,J.A. (1995)

Cardiovasc. Patho) 4, 3—-11.

Schwarz,T.F., Zaki,S.R., Morzunov,S., Peters,C.J. and Nichol,S.T. (1995
J. Virol. Methods51, 349-356.

Biagini,P., Monges,G., Cantaloube,J.F., Parriaux,D., Hassoun,J. and
Chicheportiche,C. (1994cta Pathol. Microbiol. Immunol. Scand.02,
526-532.

17.
18.
19.
20.

21.

22
b3

24.
25.

26.

27

28.

29.

30.
$1.

32.
33.

Nucleic Acids Research, 1999, Vol. 27, No. 2243

Mies,C. (1994). Histochem. Cytochemi2, 811-813.

Stanta,G. and Schneider,C. (19819 Techniquesl1, 304—-308.
Bresters,D., Schipper,M.E.l., Reesink,H.W., Boeser-Nunnink,B.D.M. and
Cuypers,H.T.M. (1994). Virol. Methods48, 267-272.

Finke,J., Fritzen,R., Ternes,P., Lange,W. and Délken,G. (1993)
BioTechniquesl4, 448-453.

Park,Y.N., Abe,K., Li,H., Hsuih,T., Thung,S.N. and Zhang,D.Y. (1996)
Am. J. Pathol.149, 1485-1491.

. Feldman,M.Y. (1975)ucleic Acids Res. Mol. Bigl13, 1-49.
Auerbach,C., Moutschen-Dahmen,M. and Moutschen,J. (1977)
Mutat. Res.39, 317-362.

Chomczynski,P. and Sacchi,N. (198%al. Biochem.162, 156-159.
Shibata,D., Martin,W.J. and Arnheim,N. (19&3ncer Res48,
4564—-4566.

Jackson,D.P., Lewis,F.A., Taylor,G.R., Boylston,A.W. and Quirke,P.
(1990)J. Clin. Pathol, 43, 499-504.

. Foss,R.D., Guha-Thakurta,N., Conran,R.M. and Gutman,P. (1994)

Diagn. Mol. Pathol, 3, 148-155.

Greer,C.E., Peterson,S.L., Kiviat,N.B. and Manos,M.M. (1991)
Am. J. Clin. Pathol.95, 117-124.

Ben-ezra,J., Johnson,D.A., Rossi,J., Cook,N. and Wu,A. (1991)
J. Histochem. Cytochen89, 351-354.

Mies,C. (1994Hum. Pathol, 25, 555-560.

Jiang,Y., Davidson,L.A., Lupton,J.R. and Chapkin,R.S. (1995)
Nucleic Acids Res23, 3071-3072.

Sorg,l. and Metzler,A. (1995) Clin. Microbiol,, 33, 821-823.
Dakhama,A., Macek,V., Hogg,J.C. and Hegele,R.G. (1996)

J. Histochem. Cytochem4, 1205-1207.



	Analysis of chemical modification of RNA from formalin-fixed samples and optimization of molecula...
	Formalin-fixed archival samples are known to be poor materials for molecular biological applicati...
	INTRODUCTION
	MATERIALS AND METHODS
	Fixation of tissue samples
	RNA extraction
	Detection of specific transcripts by PCR
	Formalin treatment of synthetic oligo RNAs and cellular RNAs
	Mass spectrometric analysis
	Complementary DNA synthesis
	Calculation of modification rate

	RESULTS
	Comparison of RNA extraction methods from formalin-fixed tissue
	Impairment of RT–PCR by formalin fixation
	Modification of synthetic oligo RNA by formalin
	Modification of fixed cellular RNA

	DISCUSSION
	ACKNOWLEDGEMENTS
	REFERENCES


