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de Montpellier, Hôpital Arnaud de Villeneuve, Montpellier;

INSERM U540,† Montpellier; the Laboratoire d’Anatomie

Pathologique,‡ Centre de Recherche et de Lutte Contre le Cancer

Val d’Aurelle, Montpellier; and the Laboratoire d’Anatomie

Pathologique,¶ Centre de Recherche et de Lutte Contre le Cancer
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Methacarn and RCL2, a new noncrosslinking fixative,
were compared to formalin-fixed or frozen tissue
samples of the same invasive breast carcinoma and
were evaluated for their effects on tissue morphology
and immunohistochemistry as well as DNA and RNA
integrity. The histomorphology of methacarn- or
RCL2-fixed paraffin-embedded tumors was similar to
that observed with the matched formalin-fixed tis-
sues. Immunohistochemistry using various antibod-
ies showed comparable results with either fixative,
leading to accurate breast tumor diagnosis and deter-
mination of estrogen and progesterone receptors,
and HER2 status. Methacarn and RCL2 fixation pre-
served DNA integrity as demonstrated by successful
amplification and sequencing of large DNA ampli-
cons. Similarly, high-quality RNA could be extracted
from methacarn- or RCL2-fixed paraffin-embedded
MCF-7 cells, whole breast tumor tissues, or microdis-
sected breast tumor cells, as assessed by electro-
pherogram profiles and real-time reverse transcrip-
tase-polymerase chain reaction quantification of
various genes. Moreover, tissue morphology and RNA
integrity were preserved after 8 months of storage.
Altogether, these results indicate that methacarn, as
previously shown, and RCL2, a promising new fixa-
tive, have great potential for performing both mor-
phological and molecular analyses on the same fixed

tissue sample, even after laser-capture microdissec-
tion, and can open new doors for investigating small
target lesions such as premalignant breast lesions. (J
Mol Diagn 2006, 8:157–169; DOI: 10.2353/jmoldx.2006.050105)

In the last few years, gene and protein expression profil-
ing have been widely developed in pathological tissues
to better understand the molecular events leading to
diseases and to identify new prognostic and therapeutic
markers for treatment of patients. Such approaches were
permitted by rapid technical progress in profiling meth-
ods,1–4 mRNA quantification,5 or microdissection.6 How-
ever, these approaches still remain highly dependent on
the quality of the tissue analyzed, which varies according
to tissue acquisition, fixation, and preservation.7,8

Formalin-fixed, paraffin-embedded tissues represent
the most abundant supply of archival material for clinical
and molecular analyses. Although formalin is adapted to
morphological examination of tissues, it is a crosslinking
agent that induces RNA chemical modifications and frag-
mentation, impairing quantification of gene expres-
sion.8–10 The gold standard for molecular analyses re-
mains unfixed fresh or snap-frozen tissues. Unfortunately,
these treatments cannot be used for routine laboratory
samples because they do not provide accurate morpho-
logical details and may impair histological diagnosis.
Molecular analyses of small target lesions such as benign
or premalignant lesions thus become challenging as the
whole surgical tissue is usually fixed and paraffin-embed-
ded according to the routine procedures for histological
diagnosis, most often using formalin, so that no fresh or
frozen tissue sample remains available.
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New tissue fixation procedures for these small lesions
are therefore critically needed, providing preservation of
both tissue morphology for accurate diagnosis and RNA,
DNA, and proteins for further molecular analysis. Re-
cently, some fixatives with such properties have been
described. Methacarn, a solution of methanol, chloro-
form, and acetic acid, is a noncrosslinking organic sol-
vent that was shown to maintain tissue morphology and to
preserve DNA, RNA, and protein integrity.11–13 Interest-
ingly, methacarn-fixed tissues have been successfully
used for quantitative expression analysis of mRNAs after
tissue microdissection.14 Similarly, Morales and col-
leagues15 and Vincek and colleagues16 recently demon-
strated that UMFIX, a mixture of methanol and polyethyl-
ene glycol, is a simple valuable fixative, when combined
with a rapid processing technique, for histomorphology
and for analysis of DNA, RNA, and protein in clinical
samples.

To facilitate analysis of premalignant breast lesions, we
searched for new fixation protocols that would allow both
morphological and molecular analyses on the same fixed
tissue sample. First, we evaluated methacarn and a
promising new noncrosslinking fixative, RCL2, because
of their performance regarding nucleic acid and protein
preservation (M. Lacroix-Triki, L. Lamant, B. A. Cuider, A.
Decha, J.-J. Voigt, P. Rochaix, submitted manuscript).
Both fixatives were used to test invasive breast carci-
noma according to tissue morphology, breast tumor stag-
ing and diagnosis, as well as DNA and RNA integrity.
Because premalignant breast lesions are small lesions
that need microdissection before molecular analyses, we
also analyzed the effect of these fixatives on RNA integ-
rity after laser-capture microdissection (LCM) of breast
tumor cells. Our data indicate that methacarn and the
new fixative RCL2 give accurate morphological and im-
munohistochemical results for breast tumor diagnosis
and allow extraction of high-quality DNA and RNA, in-
cluding RNA extracted from laser-captured breast tumor
cells.

Materials and Methods

Fixatives and Paraffin

Neutral buffered formaldehyde 4% (NBF) stored at room
temperature or FAAM (formaldehyde, 40%, 0.1:1, v/v;
acetic acid, 100%, 0.1:1, v/v; and methanol, 100%, 0.4:1,
v/v, in distilled water), routinely used in the Department of
Pathology (Centre Hospitalier Universitaire, Montpellier,
France) for diagnosis, were considered as gold stan-
dards for morphological and immunohistochemistry stud-
ies. The two fixatives tested in this report were a
methacarn solution, consisting of 60% (v/v) methanol,
30% chloroform, and 10% glacial acetic acid, and RCL2
solution (patent application no. WO 2004/083369) stored
at 4°C. Both fixatives were freshly prepared before use.
Paraffin (Paraplast Plus) was from Tyco Heathcare Group
(Mansfield, MA). All solvents used in this study were
RNase-free and of molecular biology grade.

Cell and Breast Tumor Preparation

MCF-7 cells were cultured at confluence in T175 vials in
Dulbecco’s modified Eagle’s medium/F12 medium sup-
plemented with 10% fetal calf serum. After two washes in
phosphate-buffered saline, the cell pellet was either im-
mediately snap-frozen in liquid nitrogen and stored at
�80°C or fixed in methacarn or RCL2 (10 ml per cell
pellet) overnight at 4°C, dehydrated, and then embedded
in paraffin for 1 hour at 58°C. For estradiol (E2)-stimula-
tion experiments, MCF-7 cells were cultured for 5 days in
10% charcoal dextran-fetal calf serum phenol red-free
medium before E2 treatment (10�8 mol/L E2 for 24
hours).

The effects of methacarn or RCL2 fixation on tissues
were analyzed using residual samples from large surgi-
cal specimens of invasive breast carcinoma sent to the
Department of Pathology for histological diagnosis. The
time delay between surgery and tissue processing for the
six invasive breast tumors analyzed was �15 minutes.
Among the six tumors tested, five were invasive ductal
carcinoma and one was diagnosed as a mammary car-
cinoma with giant osteoclast-like cells. One of these tu-
mors contained in situ ductal breast carcinoma adjacent
to the invasive tumor. On arrival in the laboratory, the
tumors were immediately processed according to
the various procedures described below. One part of the
tumor was fixed in NBF or FAAM for 24 hours at room
temperature and then embedded in paraffin using a Tis-
sueTek VIP automated processor (Sakura Finetek, Tor-
rance, CA) according to the standard protocol used for
breast tumor diagnosis and staging in the laboratory.
Briefly, this protocol was performed overnight at room
temperature and consisted of dehydration in absolute
ethanol (four baths for a total of 3 hours), followed by
butanol for 30 minutes, toluene (three baths for a total of
2 hours), and paraffin-immersion (four baths at 58°C for 3
hours). The remaining tissue was divided in three sam-
ples (�2 � 1 � 0.5 cm thick). One sample was immedi-
ately snap-frozen in liquid nitrogen and stored at �80°C.
The other samples were fixed overnight at 4°C in
methacarn or RCL2. Optimization of the paraffin-embed-
ding protocol using these latter fixatives led to the follow-
ing steps: dehydration at 4°C with absolute ethanol (1
hour, �3) and acetone (1 hour, �3) and immersion in
soluble paraffin at 58°C for 1 hour. The methacarn par-
affin (MP) or RCL2 paraffin (RCL2P) blocks were then
kept at �20°C until histological or molecular studies.

Histology, Immunohistochemistry, and
Chromogenic in Situ Hybridization (CISH)
Analyses

Three-�m-thick sections of paraffin-embedded tissues
from either NBF-, FAAM-, methacarn-, or RCL2-fixed tu-
mors were deparaffinized before hematoxylin and eosin
(H&E) staining or immunohistochemical analyses. Immu-
nostaining was performed automatically with a DAKO
Autostainer (Universal staining system; DakoCytomation,
Trappes, France) using the streptavidin-peroxidase
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Figure 1. Morphology of breast tumors exposed to methacarn or RCL2 fixatives. A breast carcinoma sample was either fixed in FAAM (A, E), NBF (B, F),
methacarn (C, G), or RCL2 (D, H) before paraffin-embedding. A representative view of H&E-stained sections is presented. Similar views were obtained for five
additional invasive breast carcinomas. Original magnifications: �100 (A–D); �400 (E–H).
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method. Whenever needed, antigen retrieval was per-
formed in a water bath, according to standard proce-
dures, using citrate or ethylenediaminetetraacetic acid
buffers.

For all breast tumors, immunostaining was per-
formed for estrogen receptor (ER)-� (6F11 antibody,
1/50; Novocastra, Newcastle, UK), progesterone re-
ceptor (PR) (PgR 636 antibody, 1/50; DakoCytoma-
tion), and HER2 (CB11 antibody, 1/250; Novocastra).
ER-� and PR status of breast tumors was determined
as previously described17 with a positivity cutoff of
�10% of stained nuclei. For HER2 immunostaining,
results (0, 1�, 2�, 3�) were expressed according to
the Herceptest scoring system.18

For some tumors, the following antibodies were also
tested and the immunostaining intensity (none, �, ��,
��� for strong intensity) was compared according to
the fixatives used (NBF, methacarn, or RCL2): P63
(4A4, 1/200; DakoCytomation), S100 protein (poly-
clonal rabbit antibody, 1/200; DakoCytomation),
smooth muscle actin (1A4, 1/100; DakoCytomation),
E-cadherin (36B5, 1/100; TEBU), cytokeratin 5/6 (D5/
16B4, 1/50; DakoCytomation), cytokeratin 7 (OVTL12/
30, 1/25; DakoCytomation), and pan-cytokeratin (AE1/
AE3, 1/50; DakoCytomation). To evaluate HER2 gene
amplification, CISH experiments were performed ac-
cording to Tanner and colleagues19 (Spot-Light;
Zymed, San Francisco, CA) on two invasive breast
carcinomas harboring HER2 protein overexpression by
immunohistochemistry (3� status).

DNA and RNA Extraction

For whole tissue sections, two to three sections 7 �m in
thickness, from either snap-frozen tissues (control) or
paraffin-embedded tissues (fixed in NBF, methacarn,
or RCL2), were loaded on SuperFrost slides (Menzel
GmbH, Germany). Before nucleic acid extraction,
paraffin-embedded samples were deparaffinized in
100% RNase-free ethanol for 5 minutes at 60°C in a
water bath. DNA or RNA extraction buffer was then
loaded directly on the slides to homogenize the tissue
sections.

For DNA extraction, tissue sections were homogenized
in 180 �l of proteinase K digestion buffer (50 mmol/L Tris,
pH 8.1, 1 mmol/L ethylenediaminetetraacetic acid, and
0.5% Tween 20) containing 20 �l of proteinase K (2
mg/ml); digestion was performed for 2 to 3 hours at 55°C.
After digestion, proteinase K was inactivated by heating
at 70°C for 10 minutes and DNA was further purified
using the QIAmp minikit (Qiagen, Valencia, CA) accord-
ing to the manufacturer’s instructions. DNA was eluted in
a final volume of 50 �l of water.

RNA was extracted using the RNeasy minikit (Qiagen)
including a DNase I digestion step. Total RNA was finally
eluted in 20 �l of RNase-free water loaded twice on the
column. One �l of RNA solution was used to assess RNA
integrity using the RNA 6000 Pico assay kit with Agilent
2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA).20

Total RNA from the MCF-7 cell pellets was extracted

using the same protocol. For microdissected samples,
total RNA was extracted using the RNeasy microkit
(Qiagen).

Laser Capture Microdissection

LCM of frozen or paraffin-embedded breast tumors was
performed as previously described using the PixCell II
LCM system (Arcturus Engineering, Inc., Mountain View,
CA).20 Briefly, tissue samples were sectioned at 7 �m,
and tissue sections were stained according to the man-
ufacturer’s protocol using H&E RNase-free reagents. For
paraffin-embedded tissues, the tissue sections were
deparaffinized before staining in 100% RNase-free etha-
nol as already indicated. After staining tissue sections
were stored in a desiccated container for at least 15
minutes before LCM. For each analysis, �1500 tumor
cells were laser-captured from the same breast tumor,
either frozen or fixed in methacarn or RCL2. Efficiency of
microdissection was assessed by examining the cells
present on the LCM cap. For each breast tumor and for
each condition of tissue processing (freezing or fixation in
methacarn or RCL2), LCM was performed in duplicates
or triplicates, and all these samples were used for RNA
extraction and real-time reverse transcriptase-polymer-
ase chain reaction (RT-PCR) analysis.

PCR and Real-Time RT-PCR

The quality of DNA extracted from methacarn- or RCL2-
fixed breast tumors was tested by performing amplifica-
tion and sequencing of a 250-bp fragment of the human
Gs � gene, as described in Lumbroso and colleagues,21

or amplification of an 850-bp fragment of the human FSH
receptor (FSH-R). Primers for the FSH-R were as follow:
FSHR-A-FW 5�-ACCCTGCACAAAGACAGTGA-3� and
FSHR-A-R 5�-AGCTGTGACAAAGGGCTGTC-3�. For this
purpose, 2 �l of extracted DNA was amplified (Gs � and
FSH-R) and sequenced (Gs �). The sequences obtained
with methacarn- or RCL2-fixed, paraffin-embedded tis-
sues were compared to the sequences obtained with
DNA extracted from the same frozen tissue (control) or
with DNA extracted from NBF-fixed tissue.

For real-time RT-PCR, 9 �l of total RNA was subjected
to a reverse transcription step using oligo dT primers and
either the Omniscript (whole tissue section or MCF-7
pellets) or the Sensiscript (microdissected cells) reverse
transcriptase kit (Qiagen). Real-time PCR was performed
using a SYBR Green approach (Light Cycler Fast DNA
Masterplus SYBR Green kit and Light Cycler technology;
Roche, Mannheim, Germany). Primers and PCR condi-
tions for ER-�, PR, and TBP,22,23 cyclin D1 (CCDN1) and
�2m,24 HER2,25 and HPRT20 have been published else-
where. mRNA levels for the various parameters (ER-�,
PR, CCDN1, or TBP) were expressed relative to the HPRT
housekeeping gene.
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Figure 2. Immunohistochemical staining of ER-�, P63, and HER2, and CISH detection of HER2 gene. A breast carcinoma sample was fixed in NBF (A, E, H),
methacarn (B, F), or RCL2 (C, D, G, I) before paraffin-embedding. Immunoreactivity for ER-� (A–C), P63 (D), HER2 (E–G), and CISH detection of HER2 gene
(H, I) are shown. Similar views were obtained for five additional invasive breast carcinomas. Original magnifications: �100 (A–D); �400 (E–G); �600 (H, I).

New Fixatives for Breast Tumor Analysis 161
JMD May 2006, Vol. 8, No. 2



Results

Effects of Methacarn and RCL2 Fixatives on
Breast Tumor Morphology,
Immunohistochemistry, and HER2
CISH Analysis

Tissue morphology and immunohistochemistry were an-
alyzed on six invasive breast carcinomas after tissue
fixation and paraffin-embedding using either routine fix-
atives for breast tumor diagnosis and staging (NBF,
FAAM) or methacarn or RCL2 fixatives. Methacarn and
RCL2 preserved tissue integrity, giving morphological
information similar to that obtained using the reference
fixative FAAM with respect to cytoplasmic and nuclear
details (Figure 1). Some tissue retraction was observed
using FAAM, methacarn, RCL2, or NBF fixation, but this
did not impair the global tissue architecture nor the cel-
lular details in the tumor analyzed.

The effects of methacarn and RCL2 fixation on immu-
nostaining were tested on the same invasive breast tu-
mors (Figures 2 and 3). Although both fixatives required
some optimization of the immunostaining procedures in-
cluding antigen retrieval, the percentage of stained cells
was similar for ER-�, PR, or HER2 antigens as compared

to NBF fixative (Figures 2 and 3). Five breast tumors were
diagnosed as ER-�-positive and one tumor as ER-�-
negative regardless of the tissue fixative used (NBF, MP,
or RCL2P) (Figure 3A). Similar results were obtained for
PR status showing two tumors with high PR expression
levels, two tumors with no PR expression, and two tumors
with weak PR expression (Figure 3B). Analysis of the
same breast tumor at the 8-month interval indicated good
stability of tissue morphology as well as ER-� and PR
immunostaining after methacarn and RCL2 fixation (Fig-
ure 3C). Of the six breast tumors tested, two tumors were
scored 3� for HER2 by immunohistochemistry and the
other cases were negative (0 or 1�) (Figure 2, E–G); the
same results were obtained using NBF, methacarn, or
RCL2 fixation procedures. HER2 gene amplification was
confirmed on the HER2-positive tumors by CISH experi-
ments using the reference NBF-fixed tumor tissues as
well as the methacarn- and RCL2-fixed samples (Figure
2, H and I). Finally, immunoreactivity for various antibod-
ies used for breast tumor diagnosis, including P63 (Fig-
ure 2D), S100 protein, smooth muscle actin, E-cadherin,
cytokeratin 5/6, cytokeratin 7, and cytokeratin AE1/AE3
was similar in methacarn- or RCL2-fixed tissue samples
as compared to the reference NBF-fixed tissue (data not
shown).

Figure 3. Quantification of ER-� and PR in NBF-,
methacarn-, and RCL2-fixed breast tumors. Six breast tu-
mors (numbers 1 to 6) were processed according to rou-
tine procedures (NBF) or fixed in methacarn (MP) or RCL2
(RCL2P) before paraffin-embedding. For each condition of
fixation, immunostaining of ER-� (A) and PR (B) was
performed and quantified as percentage of stained nuclei.
The cutoff value (10% stained nuclei) is indicated by a
dotted line. C: The same breast tumor was fixed using
methacarn (MP) or RCL2 (RCL2P), and immunostaining
analysis of ER-� (ER) and PR was performed either imme-
diately after surgical excision (T1) or 8 months later (T2).
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Quality of DNA Extracted from Methacarn- and
RCL2-Fixed Breast Tumors

Total DNA extracted from NBF-fixed breast tumor was
significantly degraded as suggested by the smear ob-
served on agarose gel and by the failure to amplify a
large amplicon (FSH receptor; FSH-R) (Figure 4, A and
B). By contrast, intact genomic DNA was extracted from
the same frozen, methacarn (MP)- or RCL2 (RCL2P)-fixed
tissue (Figure 4A) allowing amplification of an 850-bp
FSH-R PCR product (Figure 4B). Amplification followed
by sequencing of a 250-bp amplicon of the human Gs �
gene was also performed, giving similar results with no
nucleotide alterations for methacarn- and RCL2-fixed tis-

sues as compared to the frozen control, contrasting with
poor sequencing results using the matched NBF-fixed
tissue sample (Figure 4C). Similarly, we could success-
fully amplify and sequence 825 nucleotides of the human
ER gene using DNA extracted from the same frozen,
methacarn- or RCL2-fixed paraffin-embedded breast tu-
mor (data not shown).

Methacarn, RCL2, and RNA Quality

The effect on RNA quality of methacarn and RCL2 fixation
followed by paraffin-embedding was first tested using
MCF-7 breast tumor cells and compared to the results

Figure 4. Quality of DNA extracted from methacarn- or RCL2-fixed breast tumors. Invasive breast tumors were processed as described in Materials and Methods,
and total DNA was extracted from whole tissue sections using proteinase K digestion. A: Four �l of total DNA extracted from formalin-fixed (NBF),
methacarn-fixed (MP), or RCL2-fixed (RCL2P) paraffin-embedded tissues or DNA extracted from the same frozen tissue (frozen) was submitted to electrophoresis
on a 2% agarose gel after ethidium bromide staining. L: Ladder. B: An 850-bp fragment of the human FSH receptor (FSH-R) was amplified using DNA extracted
from the tissue samples described in A and visualized on an agarose gel. The 850-bp amplicon is indicated by an arrow. NC: Negative PCR control; L: ladder.
Similar results were obtained for two different breast tumors. C: Representative results of sequences obtained for a 250-bp amplicon of the human Gs � gene
amplified from the various processed tissues. These results are representative of experiments performed on two different breast tumors.
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obtained from the same snap-frozen cells (Figure 5).
High-quality total RNA was extracted from MCF-7 cells
prepared in either condition (frozen, MP, and RCL2P) as
judged from the electropherogram profiles shown in Fig-
ure 5A. RNA integrity was confirmed by real-time RT-
PCR, showing similar ER-� and PR mRNA levels in
methacarn- or RCL2-fixed paraffin-embedded MCF-7
cells as compared to frozen cells (Figure 5B). Because
ER-� mRNA levels seemed slightly higher in methacarn-
or RCL2-fixed cells than their frozen counterparts (Figure
5B, see also Figures 6B and 7C), the effect of both
fixatives on dynamic mRNA variations was evaluated by
measuring ER-� and PR mRNA levels in MCF-7 cells
upon estradiol (E2) treatment (Figure 5C). As expected
from previous reports,25–28 a significant decrease in ER-�
and a weak increase in PR mRNA levels were observed in
E2-treated MCF-7 cells, and those results were obtained
regardless of the fixation procedure used.

Tumor tissues are more difficult to handle than cultured
cells because RNA may be adversely affected by the

time delay between surgery and tissue processing. How-
ever, similar results in terms of RNA quality were obtained
using total RNA extracted from breast tumor tissue sec-
tions. According to the electropherogram profiles (Figure
6A) or the quantification of specific mRNA (Figures 6B),
intact RNA could be extracted from frozen, methacarn- or
RCL2-fixed paraffin-embedded breast tumors, although
we still noticed higher levels of ER-�, PR, or TBP mRNA
using methacarn- or RCL2-fixed tissues as compared to
frozen tissues (Figure 6B). Conversely, RNA extracted
from NBF-fixed paraffin-embedded tissues was found to
be repeatedly degraded, even when the dehydration and
paraffin-embedding steps were performed at 4°C as for
methacarn and RCL2 protocols (data not shown).

RNA Quality and LCM of Breast Tumors

LCM is a powerful approach for analyzing gene expres-
sion in specific cells from complex tissue structures and

Figure 5. Quality of total RNA extracted from breast tumor MCF-7 cells after methacarn or RCL2 fixation and paraffin-embedding. Total RNA was extracted from
MCF-7 cell pellets either frozen or fixed in methacarn (MP) or RCL2 (RCL2P) before paraffin-embedding as described in Materials and Methods. A: One �l of
extracted RNA was run on Agilent RNA 6000 Picochip. The 18S and 28S ribosomal RNAs are indicated by an arrow and the 28S/18S ratio (R) is indicated for each
sample. B: The same RNA was used for ER-� and PR mRNA quantification using real-time RT-PCR. Results represent the mean of duplicate samples. ER-� and
PR mRNA levels are normalized to HPRT mRNA levels (housekeeping gene), and results for methacarn- and RCL2-fixed MCF-7 cells are expressed relative to the
MCF-7 frozen cells control. C: MCF-7 cells were treated (E2) or not treated (control) with 10�8 mol/L estradiol (E2) for 24 hours, and MCF-7 cells were directly
processed for RNA extraction (lysis buffer) or snap-frozen in liquid nitrogen (frozen cells) or fixed in methacarn (MP) or RCL2 (RCL2P) before paraffin-embedding.
Total RNA was then extracted before real-time RT-PCR for ER-� and PR mRNA quantification. ER-� and PR mRNA levels are normalized to HPRT mRNA levels
(housekeeping gene). Results are expressed relative to the nontreated MCF-7 cells (control cells).
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has been widely used in cancer research. However,
mRNA quantification from laser-captured cells is chal-
lenged by the small amounts and by the quality of total
RNA extracted, with the latter being highly dependent on
the quality of the tissue used before microdissection. We
thus evaluated the quality of RNA extracted from laser-
captured breast tumor cells from methacarn- and RCL2-
fixed paraffin-embedded tissues. Previous studies in our
laboratory indicated that a minimum of 1500 microdis-
sected breast tumor cells was necessary to allow repro-
ducible mRNA quantification using real-time RT-PCR
(data not shown).

High-quality total RNA could be extracted from 1500
laser-captured breast tumor cells from either processed
tissues, as shown by electropherogram profiles (Figure
7A). This result was obtained after laser-capture micro-
dissection of invasive breast carcinoma as well as in situ
breast carcinoma (Figure 7A). Real-time RT-PCR exper-
iments using the same RNA gave similar cycle threshold
(Ct) measurements and reproducible mRNA quantifica-
tions for various genes such as ER-�, PR, CCDN1, �2m,
HPRT, TBP (Figure 7, B and C) or HER2 (data not shown).
Moreover, real-time RT-PCR quantification was possible
even with amplicons larger than 200 bp (CCDN1, HPRT;
Figure 7B).

The effect of long-term storage on RNA quality from
methacarn- or RCL2-fixed tumors was evaluated by per-

forming LCM and real-time RT-PCR on a breast tumor
after surgical excision and 8 months later using the same
tissue samples stored either at �80°C (frozen sample) or
at �20°C (methacarn-paraffin or RCL2-paraffin samples).
Analysis of the Ct measured for ER-�, PR, CCDN1, �2m,
and HPRT genes in the same tumor between the two
experiments (Table 1) indicated limited variations in
mRNA levels [�Ct (T1 to T2)], in the range of the interas-
say variations (Ct between 29 to 34). This suggested that,
in addition to immunostaining (Figure 2), methacarn and
RCL2 allow a good preservation of mRNA integrity
throughout several months.

Discussion

Molecular analysis of premalignant lesions, such as pre-
invasive breast lesions, is an important step to better
understand the early events of tumor progression and to
identify new prognostic markers. Analysis of these micro-
scopic lesions has recently gained advantage from the
development of microdissection, allowing specific analy-
sis of pathological cells without contamination by sur-
rounding tissue.29,30 Unfortunately, these molecular ap-
proaches have been hampered by the limited availability
of fresh or frozen clinical samples, as these small target
lesions are usually entirely fixed in formalin before paraf-

Figure 6. Quality of RNA extracted from methacarn- or RCL2-fixed breast tumors. Breast tumors were processed as indicated in Materials and Methods, and whole
tissue sections were used for total RNA extraction. A: Electropherogram profiles of RNA extracted from frozen, methacarn-fixed (MP), and RCL2-fixed (RCL2P)
tissue samples. The 28S/18S ratio (R) is indicated for each sample. B: Real-time RT-PCR quantification of ER-�, PR, and TBP mRNA was performed using the same
RNA as presented in A. Results are normalized to the HPRT mRNA levels and expressed relative to the frozen tissue control. The results represent mean and
standard deviations of three different sections from the same tissue sample. These results are representative of those obtained for three different breast tumors.
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Figure 7. RNA and LCM of breast tumors after various fixation procedures. Breast tumors were processed as indicated in Materials and Methods, and total RNA
was extracted from �1500 laser-captured breast tumor cells. A: Electropherogram profiles of total RNA extracted after LCM of an invasive breast carcinoma that
was frozen or fixed in methacarn (MP) or RCL2 (RCL2P) and paraffin-embedded. The 28S/18S ratio (R) is presented for each electropherogram profile. Similar
results were obtained after LCM of two additional invasive breast carcinomas. LCM of in situ breast carcinoma, adjacent to an invasive tumor and fixed in RCL2,
was also performed, and the electropherogram profile of the corresponding extracted RNA is presented. Similar results were obtained from in situ breast
carcinoma fixed in methacarn. B: Real-time RT-PCR quantification of ER-�, PR, CCDN1, �2m, TBP, and HPRT genes using RNA extracted from 1500 laser-captured
breast tumor cells. The Ct values obtained for duplicate LCM samples from the invasive breast tumor presented in A are shown. C: ER-�, PR, CCDN1, and TBP
mRNA levels for the same tumor as in B are normalized to the HPRT mRNA levels and expressed relative to the frozen tissue control. Similar results were obtained
for the two other invasive breast carcinomas tested.
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fin-embedding for accurate diagnosis and staging of the
lesion. Formalin is a crosslinking fixative that is known to
alter and fragment nucleic acids, thus impairing extrac-
tion efficiency and quality of DNA and, more strikingly,
RNA.9,10,31,32 Although recent studies have reported an
improved protocol for gene expression analysis from for-
malin-fixed tissues, including formalin-fixed breast tu-
mors,33–37 this approach has technical limitations linked
to the lower yield of RNA recovered, to the need for small
amplicon size (�100 bp) and to further RNA degradation
with increased archival storage.8,10,33 These limitations
may be critical when working with genes harboring weak
expression levels or with small amounts of RNA such as
RNA extracted from a few microdissected cells.

Molecular analysis of small target lesions thus requires
new fixation procedures allowing accurate histomorpho-
logical diagnosis as well as DNA and RNA preservation
on the same fixed tissue sample. Based on these require-
ments, we evaluated two noncrosslinking fixatives on
invasive breast tumors: the methacarn solution because
of its known protecting properties on DNA, RNA, and
proteins and RCL2, a new promising fixative that was
recently described to preserve both nucleic acids and
proteins (M. Lacroix-Triki, L. Lamant, B. A. Cuider, A.
Decha, J.-J. Voigt, P. Rochaix; submitted manuscript).

Because histomorphological diagnosis of breast tu-
mors is critical for patient treatment and prognosis, we
first performed a careful evaluation of the quality of tissue
morphology and immunostaining for the standard thera-
peutic markers ER-�, PR, and HER2 in methacarn-
and RCL2-fixed paraffin-embedded breast tumors.
Methacarn has previously been shown to be a valuable
fixative for tissue morphology and immunohistochemical
studies.8,38 Similarly, in preliminary experiments, RCL2
gave interesting histomorphological results on various
tissues. In this report, we confirm that both methacarn
and RCL2 are suitable for morphological diagnosis of
breast tumors.

Although some optimization of the immunostaining
procedures was needed, similar quantification of ER-�,
PR, and HER2 antigens were obtained for breast tumors
fixed in methacarn or RCL2, as compared to the standard
NBF-fixed tumors. Furthermore, HER2 gene amplification
could be confirmed by CISH experiments using either
methacarn- or RCL2-fixed tumor samples, suggesting
DNA preservation. Successful immunostaining was also

obtained for various antigens currently tested for breast
tumor diagnosis. Finally, methacarn and RCL2 were
found to preserve tissue morphology and immunostain-
ing after several months of tissue storage. Altogether,
these data validate methacarn and RCL2 for routine
breast tumor histomorphological diagnosis.

Both fixatives were previously validated for DNA integ-
rity using fixed and paraffin-embedded tissues by show-
ing high yields of extracted DNA and amplification of
large DNA fragments (P. Rochaix, unpublished data).12

We confirmed these findings using human breast tumors,
and further demonstrated that both fixatives allowed ac-
curate DNA sequencing of more than 800 bp. This is an
important point because DNA isolated from formalin-fixed
tissues has been shown to exhibit a high frequency of
nonreproducible sequence alterations, up to 1 mutation
artifact per 500 bases, which may alter sequencing re-
sults in archival formalin-fixed material.39 Thus, although
numerous studies have used formalin-fixed tissues for
DNA amplification, methacarn or RCL2 may have higher
performances for fine DNA analysis such as DNA se-
quencing and may give similar results as frozen tissues.

Methacarn is a noncrosslinking organic fixative that
was shown to preserve RNA, possibly by causing pre-
cipitation and inactivation of endogenous tissue
RNases.8 Recent studies by Shibutani and colleagues11

confirmed that high-quality RNA could be extracted from
methacarn-fixed paraffin-embedded rat liver sections,
with efficiency similar to that with unfixed cryosections.
Moreover, methacarn preserved the relative abundance
of amplifiable mRNA in microdissected tissue speci-
mens.13,14 Similarly, RCL2 has been shown to preserve
RNA integrity on mouse liver tissue sections (P. Rochaix
et al, unpublished data). To validate both fixatives at the
RNA level in human breast tumors, we evaluated RNA
integrity by analyzing ribosomal RNA profiles using min-
iaturized capillary electrophoresis, by measuring specific
mRNA expression, including genes with low expression
levels (such as ER-�, PR, or HPRT genes) and by quan-
tifying various mRNAs in a limited number of laser-cap-
tured breast tumor cells. This latter condition is particu-
larly stringent because additional steps from human
tissue processing to mRNA quantification, including tis-
sue section and staining as well as LCM, may alter RNA
integrity. Using these different approaches, we found that
methacarn and RCL2 were excellent fixatives for preserv-
ing RNA from human surgical samples. Interestingly, we
could validate these new fixation procedures to analyze
RNA extracted from in situ ductal breast carcinoma.
Moreover, we found reproducible mRNA quantification
using microdissected methacarn- and RCL2-fixed paraf-
fin-embedded breast tumors after 8 months of tissue
storage at �20°C.

Regarding mRNA quantification, we surprisingly found
that some genes, including ER-� or TBP genes, had
higher relative expression in methacarn- or RCL2-fixed
breast tumors as compared to their frozen counterparts.
However, in our MCF-7 tumor cell models, the dynamic
expression of ER-� upon estradiol treatment was similar

Table 1. Effect of Long-Term Storage on RNA Quality

�Ct (T1 to T2) ER-� PR CCDN1 �2m HPRT

Frozen samples �0.4 �1.3 �0.8 �1.2 �0.6
MP samples �0.9 �2 �2 0.2 �0.9
RCL2P samples �0.3 1.4 0.6 1.6 1.1

Laser capture microdissection of �1500 tumor cells was performed
from the same breast tumor either frozen or fixed in methacarn (MP) or
RCL2 (RCL2P) and paraffin-embedded. Total RNA was extracted
before real-time RT-PCR quantification of ER-�, PR, CCDN1, �2m, and
HPRT mRNA. This experiment was performed with the same tissue
samples once (T1), and 8 months later (T2). The difference in Ct values
obtained for the various genes at T1 and T2 are presented ��Ct (T1 to
T2)	. For each condition, laser capture microdissection was performed
in duplicates or triplicates and the �Ct values represent the differences
between the mean Ct values obtained for each condition.
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regardless of the fixative used when compared to the
results obtained when total RNA was immediately ex-
tracted from cells. The reason for this higher expression
of ER-� or TBP genes in methacarn- and RCL2-fixed
tissues is unclear. This is probably not due to breast
tumor heterogeneity because similar observations were
made using MCF-7 cultured cells. ER-� mRNA was
shown to be unstable, especially under estradiol condi-
tions.40 It is thus possible that ER-� mRNA is not entirely
protected from degradation in snap-frozen tissues, in
contrast to methacarn- or RCL2-fixed tissues. In agree-
ment with this hypothesis, we repeatedly observed lower
relative expression of ER-� gene using total RNA ex-
tracted from snap-frozen cultured breast tumor cells as
compared to total RNA immediately extracted from the
same fresh cultured cells (data not shown). Whatever the
reason for this observation, this suggests that one may be
cautious when analyzing gene expression in tissue spec-
imens either frozen or fixed using various procedures.

In this study, breast tumor samples were fixed over-
night at 4°C in methacarn or RCL2 and then dehydrated
at the same temperature in ethanol and acetone. The
requirement for dehydration steps at 4°C is not conve-
nient for a routine laboratory use, hampering automation
of the fixation procedure. The use of methacarn may also
be limited by its poor stability and its potential toxicity. In
contrast, preliminary results indicate that RCL2 is as ef-
ficient in protecting RNA as previously shown when per-
forming the dehydration steps at room temperature,
which makes its use in routine practice likely in the future.
Moreover, this new fixative is devoid of toxicity with easy
processing steps (P. Rochaix, unpublished data). In this
respect, RCL2, and to a lesser extent methacarn, belong
to a new generation of tissue fixatives, including UMFIX
described by Vincek and colleagues,16 which could be
used in routine laboratory for pathological diagnosis and
molecular analysis of the same tissue samples. Although
the question of long-term tissue storage should now be
addressed, these new fixation procedures will undoubt-
edly make molecular analysis of human clinical samples
easier, including analysis of small premalignant lesions in
which microdissection approaches are needed.

In conclusion, we made a careful evaluation of
methacarn and RCL2 fixatives using paraffin-embedded
human breast tumor samples and found that both fixa-
tives had high performance, even after several months of
tissue storage, regarding tissue histomorphology and
DNA and RNA preservation, including RNA extracted
from microdissected tissue samples. These fixatives will
be helpful in the future for investigating small target le-
sions such as premalignant breast lesions.
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Rochefort H: Decreased expression of estrogen receptor � protein in
proliferative preinvasive mammary tumors. Cancer Res 2001,
61:2537–2541

18. Vincent-Salomon A, MacGrogan G, Couturier J, Arnould L, Denoux Y,
Fiche M, Jacquemier J, Mathieu M, Penault-Llorca F, Rigaud C,
Roger P, Treilleux I, Vilain M, Mathoulin-Pelissier S, Le Doussal V:
Calibration of immunohistochemistry for assessment of HER2 in
breast cancer: results of the French multicentre GEFPICS study.
Histopathology 2003, 42:337–347

19. Tanner M, Gancberg D, Di Leo A, Larsimont D, Rouas G, Piccart M,
Isola J: Chromogenic in situ hybridization. A practical alternative for
fluorescence in situ hybridization to detect Her-2/neu oncogene am-
plification in archival breast cancer samples. Am J Pathol 2000,
157:1467–1472

20. Copois V, Bret C, Bibeau F, Brouillet J, del Rio M, Berthe M-L,
Maudelonde T, Boulle N: Assessment of RNA quality extracted from
laser-captured tissues using miniaturized capillary electrophoresis.
Lab Invest 2003, 83:599–602

21. Lumbroso S, Paris F, Sultan C: Activating Gs alpha mutations: anal-

168 Delfour et al
JMD May 2006, Vol. 8, No. 2



ysis of 113 patients with signs of McCune-Albright syndrome—a
European collaborative study. J Clin Endocrinol Metab 2004,
89:2107–2113
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