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Few human tumors are collected such that RNA is
preserved for molecular analysis. Completion of the
Human Genome Project will soon result in the iden-
tification of more than 100,000 new genes. Conse-
quently, increasing attention is being diverted to
identifying the function of these newly described
genes. Here we describe a multidisciplinary tumor
bank procurement protocol that preserves both the
integrity of tissue for pathologic diagnosis, and the
RNA for molecular analyses. Freshly excised normal
skin was obtained from five patients undergoing
wound reconstruction following Mohs micro-
graphic surgery for cutaneous neoplasia. Tissues
treated for 24 hours with RNAlater™ were com-
pared histologically and immunohistochemically to
tissues not treated with RNAlater. Immunohisto-
chemical stains studied included: CD45, CEA, cyto-
keratin AE1/3, vimentin, S-100, and CD34 on
formalin-fixed, paraffin embedded tissue and CD45
staining of frozen tissue. Slides were blinded and
evaluated independently by three pathologists. The
histologic and immunohistochemical parameters of
tissue stored in RNAlater were indistinguishable
from tissue processed in standard fashion with the
exception of S-100 stain which failed to identify
melanocytes or Langerhan’s cells within the epider-
mis in any of the RNAlater -treated tissues. Interest-
ingly, nerve trunks within the dermis stained appro-
priately for S-100. Multiple non-cutaneous autopsy
tissues were treated with RNAlater, formalin, liquid
nitrogen (LN2), and TRIzol Reagentt. The patholo-
gists were unable to distinguish between tissues

treated with RNAlater, formalin, or frozen in LN2,
but could easily distinguish tissues treated with
TRIzol Reagent because of extensive cytolysis. RNA
was isolated from a portion of the tissue treated
with RNAlater and used for molecular studies in-
cluding Northern blotting and microarray analysis.
RNA was adequate for Northern blot analysis and
mRNA purified from RNAlater -treated tissues con-
sistently provided excellent templates for reverse
transcription and subsequent microarray analysis.
We conclude that tissues treated with RNAlater be-
fore routine processing are indistinguishable histo-
logically and immunohistochemically from tissues
processed in routine fashion and that the RNA iso-
lated from these tissues is of high quality and can be
used for molecular studies. Based on this study, we
developed a multidisciplinary tumor bank procure-
ment protocol in which fresh tissue from resection
specimens are routinely stored in RNAlater at the
time of preliminary dissection. Thus, precious hu-
man tissue can be utilized for functional genomic
studies without compromising the tissue’s diagnos-
tic and prognostic qualities.
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Human tumors are routinely excised in hospitals
around the world, but few are collected in a way
that adequately preserves RNA for molecular anal-
yses. With the impending completion of the human
genome project, increased attention is being di-
verted toward functional genomics, the main goal
of which is the daunting task of assigning function
to a multitude of newly described genes (1, 2). One
rate-limiting step in the completion of human func-
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tional genomic experiments is the lack of high-
quality human RNA. It has proven difficult to pre-
serve the diagnostic and prognostic qualities of
surgical tissue while at the same time maintaining
the integrity of RNA within the sample for research.
At many institutions, tissue obtained from surgical
procedures is refrigerated for a variable period of
time before a pathologist takes samples for his-
topathologic, cytopathologic, and other diagnostic
studies. The RNA from surgical specimens pro-
cessed in this fashion is often degraded by the time
it is fresh-frozen or homogenized in RNA-
preserving denaturants, rendering the specimens of
variable use for experiments requiring intact RNA.
Understandably, pathologists are concerned about
providing fresh tissue samples for research pur-
poses because of the potential loss of important
diagnostic information that may be needed in the
future. However, after sections have been taken by
the pathologist, excess human tissue is retained in
formalin for at least two weeks and is then dis-
carded (3), which precludes further molecular ge-
netic analysis. A dilemma exists: the surgical pa-
thologist needs to maintain tissue histology for
optimal patient care and the basic scientist requires
adequately preserved RNA for functional genomic
experiments. Most RNA-preserving solutions con-
tain organic solvents and denaturing agents (e.g.,
phenol, guanidine, etc.) that destroy tissue integ-
rity, precluding further histologic analysis of the
tissue. An alternative to these solutions is necessary
to preserve tissue integrity while still maintaining
RNA quality within the sample. One potential op-
tion is RNAlater™ (Ambion, Inc., Austin, TX), a
solution that is known to preserve RNA in tissues,
but has not been studied to determine its effect on
tissue preservation. Here we describe a multidisci-
plinary tumor bank procurement protocol that pre-
serves the integrity of the tissue for pathologic stud-
ies as well as the RNA for molecular analyses.
Additionally, we demonstrate histo-molecular cor-
relation between tumor histology and differential
gene expression as identified by microarray
analysis.

MATERIALS AND METHODS

Tissue Acquisition
Normal skin was obtained from five patients un-

dergoing wound reconstruction following Mohs mi-
crographic surgery for cutaneous neoplasia (2 male,
3 female; age range 66 – 85 y; mean age 77 y).
Freshly excised normal skin tissue containing epi-
dermis, dermis, and subcutaneous adipose connec-
tive tissue was prepared as shown in the protocol
(Fig. 1). Each skin sample was divided and half of
the tissue was placed into RNAlater (Ambion Inc.,

Austin, TX) for 24 hours at ambient temperature.
The second half was cut into two pieces, one of
which was fixed in 10% buffered formalin for 24
hours then routinely processed and embedded in
paraffin, the other of which was frozen immediately
in OCT medium (Sakura Finetek USA, Inc., Tor-
rance, CA) at–20°C. After 24 hours in RNAlater, ap-
proximately 10% of the skin sample was retained
and maintained at 4°C for two to six weeks before
subsequent RNA isolation. The remaining 90% of
this tissue was divided into two pieces, one of
which was fixed in formalin, the other frozen in
OCT medium as described above. Frozen and
paraffin-embedded specimens were stained with
H&E and CD45. Each paraffin-embedded tissue
also was stained with CEA, cytokeratin AE1/3, vi-
mentin, and S-100. Tissue from malignant mela-
noma, basal cell carcinoma, and squamous cell car-
cinoma was obtained separately.

To evaluate the effect of RNAlater on tissues
other than skin, autopsy material was obtained (the
patient had expired approximately 17 hours before
the autopsy). Samples of brain, thyroid, lung, heart,
skeletal muscle, stomach, small and large intestine,
pancreas, spleen, lymph node, prostate, liver, and
tongue were treated with RNAlater, liquid nitrogen
(LN2), or TRIzol Reagentt for 24 hours or three
weeks. Formalin-treated tissues were used as a con-
trol. Following LN2, TRIzol Reagent, or RNAlater
treatment, tissues were formalin-fixed, paraffin-
embedded, then stained with hematoxylin and eo-
sin. RNA was not isolated from autopsy tissue. [This
study fulfilled all requirements of the University of
Utah Health Sciences Center Institutional Review
Board.]

Histology and Immunohistochemistry
Formalin-fixed, paraffin-embedded tissue sec-

tions were deparaffinized in xylene and absolute
ethanol, then rehydrated by successive immersions
in 95% ethanol, 70% ethanol, and distilled water.
Immunoperoxidase staining was performed on the
Ventana ES instrument (Ventana medical systems,
Tucson, AZ) using the avidin-biotin-peroxidase
complex according to manufacturer recommenda-
tions. Primary antibody to S-100 (Dako Corpora-
tion, Carpinteria, CA; diluted 1:700), vimentin
(Dako Corporation, Carpinteria, CA; diluted 1:200),
carcinoembryonic antigen (CEA; Boehringer Mann-
heim Biochemicals, Indianapolis, IN; diluted
1:1000), CD34 (Biosource International, Camarillo,
CA; diluted 1:200), cytokeratin AE1,3 (Boehringer
Mannheim Biochemicals, Indianapolis, IN; diluted
1:1400), and CD45 (Dako Corporation, Carpinteria,
CA; diluted 1:50) proteins were applied and the
immunostaining was developed using diaminoben-
zidine (3,3'-diaminobenzidine) as the chromogen
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and counterstained with Mayer’s hematoxylin. For
frozen tissues, five micron frozen sections were cut
and applied to silanized glass microscope slides
(Superfrost/Plus, Fisher Scientific, Pittsburgh, PA),
two sections per slide, then fixed in acetone. Im-
munostaining for CD45 protein was performed on
the Ventana ES Instrument as described above.

A sample of melanoma was treated with RNAlater
then formalin-fixed and paraffin-embedded and
stained with HMB-45. Briefly, sections were depar-
affinized as above. High-temperature antigen re-
trieval was performed using DAKO Target Retrieval
Solution (DAKO Corporation, Carpinteria, CA) ac-
cording to manufacturer’s instructions, then rinsed
in potassium-free phosphate buffered saline to re-
move the detergent solution. The sections were
then immersed in 3% H2O2 for 15 minutes at room
temperature. The sections were incubated in 10%
normal human serum (Scantibodies, Santee, CA),

5% normal goat serum (Biodesign International,
Kennebunk, ME), 1% bovine serum albumin, frac-
tion V (Roche Molecular Biochemicals, Indianapo-
lis, IN) in potassium-free PBS for 30 minutes at
room temperature to block non-specific sites. The
sections were incubated with HMB45 antibody
(DAKO Corporation, Carpinteria, CA) diluted 1:100
in blocking solution overnight at room tempera-
ture. The following day, the sections were incu-
bated with secondary biotinylated goat anti-mouse
antibody (Jackson ImmunoResearch, West Grove,
PA) diluted 1:1000 in 5% normal goat serum, 1%
BSA in potassium-free PBS for 30 minutes at room
temperature followed by Elite ABC reagent (Vector
Laboratories, Burlingame, CA). Visualization was
accomplished with diaminobenzidine (3,3'-diami-
nobenzidine; Vector Labs) for five minutes at room
temperature and rinsed with deionized distilled wa-
ter. The sections were counterstained with hema-

FIGURE 1. Study Protocol Normal skin was obtained from five patients undergoing wound reconstruction following Mohs micrographic surgery for
cutaneous neoplasia.
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toxylin, dehydrated in a series of alcohols to xylene
then cover-slipped.

Statistical Analysis
Tissues treated for 24 hours with RNAlater were

compared histologically and immunohistologically
to tissues processed immediately without RNAlater
treatment (Fig. 2). Specimens were either frozen in
OCT medium (Sakura-Finetek U.S.A., Inc., Tor-
rance, CA) or formalin-fixed and paraffin-
embedded for routine hematoxylin and eosin
(H&E) and immunohistochemical staining (Fig. 2).
Specific tumor markers were selected for their abil-
ity to stain normal cutaneous structures. Three pa-
thologists (S.R.F., C.M.C., and J.A.H.) scored H&E
stained slides on three histologic parameters: nu-
clear detail, cytoplasmic detail, and overall preser-
vation. A coding system for slide labels prevented
the pathologists from identifying how the tissues
had been processed. For immunostained slides, the
parameters judged were: staining intensity, defini-
tion, and background intensity. Each slide was also
assessed for overall diagnostic adequacy. Every pa-
rameter was assigned a numeric value of 1 (defined
as poor or inadequate) or 2 (defined as good-to-
excellent or adequate). Each pathologist evaluated
all ninety slides blindly and independently. Scores
were analyzed using Chi square comparing RNA-
later versus non- RNAlater treated tissues.

RNA Preparation and Use
All RNAlater-treated skin tissues were maintained

in RNAlater at room temperature for 24 hours and
then at 4°C for 2– 6 weeks before RNA was purified.
All RNAs were purified by the standard TRIzol pro-
tocol following immediate homogenization directly
in the TRIzol Reagent (4). [The HCI Microarray Re-
source has determined that the TRIzol purification
method provides excellent RNA template for mi-
croarray analysis (Huntsman Cancer Institute Mi-
croarray Resource, personal communication,
1999).] To establish that the RNA purified from
RNAlater -treated tissues was adequate for microar-
ray analysis, two cutaneous tumors, a sclerosing
basal cell carcinoma, and a well-differentiated
squamous cell carcinoma (SCC) were selected for
comparison. Each tissue was stored in RNAlater for
24 hours at room temperature and then at 4°C for
two weeks. The tissue was minced in RNAlater and
homogenized (Kika-Werk Ultra-Turax, Tekmar,
Cincinnati, OH) in TRIzol Reagent. Of interest, we
have successfully used RNAlater treated tissue ho-
mogenates for PCR reactions suggesting that the
DNA is intact. Total RNA was purified using the
standard TRIzol method (4). Oligotex (Qiagen Inc.,
Valencia, CA) was used to obtain poly A1 enriched

RNA for use on the microarray. Poly A1 RNA was
reverse transcribed and the BCC-derived RNA was
labeled with Cy3-dCTP (green) while the SCC-
derived RNA was labeled with Cy5-dCTP (red) as
previously published (5). The labeled cDNA was
hybridized to a glass microscope slide harboring
4608 clones (in duplicate) and imaged by a Gener-
ation III Molecular Dynamics laser scanner (Sunny-
vale, CA). Numeric analysis was performed using
Array Vision quantification software (version 4.15,
Imaging Research). Clones demonstrating a 2-fold
or greater numeric change were included in Table
1. False positive clones were excluded by visual
inspection and all clones were confirmed by se-
quencing. Microarray results were confirmed by
Northern blot analysis as described previously (5)
using clones encoding human monokine induced
by gamma interferon (MIG, shown in Fig. 6A) and
KIAA0941. Northern blots were also performed on
normal skin specimens (Fig. 6C)

RESULTS

Preservation of Histologic and Immunohistologic
Integrity

Ninety slides were evaluated blindly and inde-
pendently by three pathologists (S.R.F., C.M.C., and
J.A.H.). There was no significant intra-observer vari-
ability except for the CD45 stain (paraffin and fro-
zen tissue, P 5 0.0212 and P 5 less than 0.001,
respectively, favoring RNAlater in one of three ob-
servers). Scores were analyzed using Chi-square,
comparing RNAlater versus non-RNAlater -treated
tissues. The histologic and immunohistochemical
parameters and overall diagnostic adequacy of tis-
sue stored in RNAlater were indistinguishable (P 5
0.07–1.00) from tissue processed in the standard
fashion, with the exception of the S-100 stain. Nerve
trunks within the S-100-stained dermis stained nor-
mally, but epidermal melanocytes and Langerhan’s
cells could not be identified in any of the RNAlater
-treated tissues. There was no difference in the
staining characteristics of RNAlater -treated tissues
after two months at 4°C (data not shown). As an
alternative to S-100, staining for HMB45 in a sample
of malignant melanoma treated with RNAlater was
performed and showed appropriate staining char-
acteristics (data not shown). For autopsy material,
the pathologists were unable to distinguish be-
tween tissues treated with formalin, RNAlater, or
LN2 at 24 hours or three weeks, but were easily able
to identify tissues treated with TRIzol Reagent be-
cause of extensive cytolysis and absence of nuclei,
even after only 24 hours in this reagent (Fig. 3).
These data demonstrate that specimens can be
stored in RNAlater and safely retrieved by the pa-
thologist for further examination if necessary.

RNA Preservation for Functional Genomic Studies (S.R. Florell et al.) 119



FIGURE 2. Specimens preserved in RNAlater maintain histologic integrity. Representative tissues shown in panels A, C, E, and G were incubated in
RNAlater for 24 hours before processing; tissues in panels B, D, F, and H were processed immediately. A and B, equivalent H&E staining of frozen
tissue sections; C and D, equivalent H&E staining of formalin-fixed, paraffin-embedded tissue sections; E and F, CD45 immunostain on frozen tissue
showing equivalent staining of lymphocytes; G and H, cytokeratin AE1/3, immunostain of formalin-fixed, paraffin-embedded tissue, showing
equivalent staining of sweat duct epithelium.
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Preservation of RNA Integrity
In order to confirm that RNAlater treatment pre-

served the integrity of RNA, total RNA was isolated
from RNAlater-treated human skin (TRIzol Re-
agent, Life Technologies). Intact RNA has been pu-
rified from numerous RNAlater-treated tissues, in-
cluding malignant melanoma, basal cell carcinoma,
squamous cell carcinoma, and dermatofibrosar-
coma protuberans that were evaluated for histo-
logic and immunohistochemical integrity (data not
shown). A representative group of normal and ma-
lignant tissue RNAs are shown in an ethidium
bromide-stained formaldehyde gel (Fig. 4). Lane 1
of Fig. 4 shows the typical, degraded status of RNA
purified from normal skin that was flash-frozen in
surgical pathology after 30 minutes at room tem-
perature during dissection of the specimen. All
RNAlater-treated tissues were maintained in RNA-
later at room temperature for 24 hours and then at
4°C for 2– 6 weeks before RNA was purified using
TRIzol Reagent (4). RNAlater-treated tissues in
lanes 2– 6 have RNA with distinct ribosomal bands
and a smear of high molecular weight RNA, show-
ing that RNA obtained from the RNAlater-treated
tissues is well preserved.

We next sought to establish that the RNA purified
from RNAlater-treated tissues was adequate for mi-
croarray analysis. Two cutaneous tumors, a scleros-
ing basal cell carcinoma (BCC) and a well-
differentiated squamous cell carcinoma (SCC),
were selected for comparison (Fig. 5).

A representative panel from the microarray is
shown in Fig. 6A and several clones demonstrating
a 2-fold or greater change are identified. Green
spots represent mRNAs more highly expressed in
the BCC whereas red spots represent mRNAs more
highly expressed in the SCC. Yellow spots identify
mRNAs expressed at the same level in both tumors.
RNA obtained from RNAlater-treated tissues was
indistinguishable as a template from other RNAs
used at the Huntsman Cancer Institute Microarray
Resource.

To prove that RNA from RNAlater-treated tissues
was intact and to confirm microarray experimental
results, Northern blot analysis was performed. Fig.
6B shows a Northern blot of the poly A1 enriched
RNAs used in the microarray experiment above
while Fig 6C shows a Northern blot of the gel seen
in Fig. 4 Two clones were selected: one clone dif-
ferentially upregulated in the BCC (MIG) and one in
the SCC (KIAA0941). To verify the microarray re-
sults, both clones were used as a probe on the
Northern blot; in Fig. 6B, the results of MIG are
shown. The 3.9-fold increase in MIG expression in
the BCC sample (Fig. 6A, microarray result) was
confirmed as a 38-fold increase on Northern blot
analysis (Fig. 6B). Thus, RNA of at least 2500 base
pairs was intact and interpretable by Northern blot
analysis, and the Northern blot analysis also con-
firmed the microarray results (data not shown for
KIAA0941 result). KIAA0941 was used to probe the
Northern blot in Fig. 6C to determine whether the

TABLE 1. Genes Showing Differential Expression by Microarray Analysis

Gene Fold Change* Regulation by IFN
Regulation by

Retinoids

Interferon gamma-induced protein 10 5.1 1 (14)

Stathmin 4.1 2 (15)

Monokine induced by gamma interferon (MIG) 4.0 1 (16)

EST (Hs.10283) 3.3
Macrophage inhibitory cytokine-1 2.9
EST (Hs.30824) 2.7
Midkine 2.6 1 (17)

Interleukin-8 (IL-8) 2.6 2 (18) 1 (19)

Cytochrome c oxidase subunit 15 (COX15) 2.4 2 (20) 1 (21)

EST (Hs.93668) 2.2
EST (Hs.21108) 2.2
Interferon alpha-induced 11.5 KD protein 2.2 1 (22)

Fibronectin 1 (LETS) 2.1 1/2 (23,24) 1/2 (25,26)

SM22 alpha 2.1
KIAA062 2.1
Wnt-5A proto-oncogene 2.0
KIAA0941 22.0
Integrin, a6 22.0
Pregnancy-specific beta 1-glycoprotein 7 22.0 1 (27)

EST (Hs.85087) 22.1
EST (Hs.76550) 22.1
4-nitrophenylphosphatase domain (NIPSNAP1) 22.2
Desmoglein 1 22.3
54 kDa progesterone receptor-associated immunophilin FKBP54 22.6
Cystatin B 23.1
EST (Hs.163295) 23.2

* Positive fold changes reflect increased expression in the BCC; negative values represent increased expression in the SCC
1, induces expression; 2, represses expression; 1/2, induction and repression reported.
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differential expression seen between the BCC and
SCC samples used in the microarray was present in
additional patient samples. The KIAA0941 gene did
not show significantly different gene expression in
the additional normal and malignant tissues on the
gel, suggesting that the differential gene expression
seen in the KIAA0941 in the microarray experiment
was specific to those two tumors. This illustrates
the importance of confirming microarray results
obtained from single tumor comparison and high-
lights the need for multiple tissue samples for
screening potential genes of interest. Lane 1 does
not show a clearly discernable band, confirming the
degradation of the RNA obtained from the flash-
frozen specimen. In summary, these data demon-
strate that the RNA obtained from RNAlater-treated
tissues provides investigators with high quality RNA
for molecular analyses.

DISCUSSION

Functional genomic experiments represent the
next bridge between basic science research and
applied clinical medicine. Increased availability of
human tissue and human RNA for these studies will

dramatically improve the rate at which these exper-
iments can be completed. Our data (6) demonstrate
that the RNA from human tissues and tumors can
be preserved for molecular analyses and that the
histologic integrity of the specimen can be simul-
taneously maintained after immersion in RNAlater.
The implications of our findings are that surgical
specimens can be effectively preserved for both
molecular and pathologic analyses without com-
promising the care of the patient. This is the first
report, to our knowledge, utilizing this reagent in
the surgical pathology laboratory. Others have used
RNAlater to fix and preserve RNA suitable for ex-
pression and genotype analysis of flow cytometri-
cally purified populations of neoplastic cells from
tissues in vivo (7).

In summary, we have shown that RNAlater effec-
tively preserves histologic and immunohistochem-
ical properties of cutaneous and non-cutaneous tis-
sues. Moreover, in comparison of multiple
RNAlater-treated tissues obtained at autopsy with
other methods of RNA preservation such as the gold
standard, LN2, and denaturing agents such as
TRIzol Reagent, we found that the reviewing pa-
thologists were unable to distinguish tissues treated

FIGURE 3. Comparisons of formalin-fixation, RNAlater, LN2, and TRIzol from autopsy tissues, 24 hours. Equivalent staining of cerebellum, thyroid,
gastric, and tongue tissue treated with formalin, RNAlater, and LN2. TRIzol Reagent-treated tissues show advanced cytolysis and absence of nuclei
even at 24 hours.
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in RNAlater from those fixed in formalin or fresh
frozen in LN2. These results demonstrate that a
portion of tissue obtained during the initial dissec-
tion of a surgical specimen may be stored in RNA-
later and retrieved if necessary for histologic and
immunohistologic examination. There are several
additional advantages in using RNAlater. Fresh-
frozen tissue samples are less than optimal for both
clinicians and scientists. For the scientist, frozen
tissue is more difficult to manipulate and homoge-
nize than non-frozen specimens. For the patholo-
gist, frozen tissue requires thawing before dissec-
tion, leading to RNA degradation. Maintaining the
tissue in RNAlater eliminates the need to thaw
RNA-preserved tissues. Moreover, LN2 may not be
readily available in the surgical pathology labora-
tory whereas RNAlater is a safe, non-toxic solution
that is stored at ambient temperature. Demonstrat-
ing that a specimen placed in RNAlater is still ac-

cessible for pathologic interpretation has enhanced
specimen triage, especially when the amount of
tissue is limited.

The first step in establishing that RNAlater was
not disruptive to histopathological or molecular
analyses was to compare the tissues treated with
RNAlater to tissues processed in the standard way.
As illustrated in Fig. 2, there were no discernable
differences between H&E frozen or paraffin-
embedded sections. Three pathologists found no
differences in any of the RNAlater-treated H&E-
stained specimens or with immunohistochemical
markers for CEA, CD45, CD34, or AE1/3. All of the
RNAlater- treated specimens were adequate for di-
agnostic purposes. The exception to this finding
was with the S-100 immunostain, which stained
nerve fibers adequately, but failed to stain melano-
cytes or Langerhan’s cells. This differential staining
is seen in tissues treated with an aqueous solution
(such as RNAlater) before formalin fixation (Dako
Corporation, personal communication, 1999). The
reason for this differential staining is unclear but
may reflect solubility differences between different
isoforms of the S-100 antigen on melanocytes,
Langerhan’s cells and nerve tissue, but this was not
tested directly. We hypothesize that S-100 protein,
named for its solubility in saturated ammonium
sulfate solution (8), is being solubilized by the
aqueous RNAlater solution. We caution that other
soluble antigens that require formalin fixation be-
fore immunostaining may not stain appropriately
after RNAlater treatment. The lack of S-100 staining
is unfortunate for investigators who might want to
follow this marker experimentally. New S-100 anti-
bodies for frozen tissue will soon be available (Dako
Corporation, personal communication, 1999) so
that it may be possible to optimize staining condi-
tions for this antigen in the future. In the meantime,
S-100 staining should be performed on tissue that
has not been stored in RNAlater. For some types of
malignant melanoma, HMB45 may be used as an
alternative melanocytic marker.

We also sought to show that non-cutaneous tis-
sues were also well preserved in RNAlater. As can be
seen in Fig. 3, RNAlater preserved histology in other
tissues obtained at autopsy. Perhaps more impor-
tantly, other RNA-preserving agents such as TRIzol
Reagent destroy histology, making some of the tis-
sues impossible to identify.

The second essential component of our study
was to demonstrate that RNAlater-treated tissue
specimens maintained the integrity of RNA re-
quired for molecular analyses. The RNA isolated
from RNAlater - preserved tissues is intact by visual
examination of ethidium bromide-stained denatur-
ing gels, by Northern blot analysis, and by expres-
sion microarray analysis (Figs. 4 and 6). Differen-
tially expressed genes identified by microarray

FIGURE 4. Minimal degradation of RNA from normal and malignant
tissue Ethidium bromide stained 1.2% agarose/3% formaldehyde gel,
digitized using ImageQuant 5.0 (Molecular Dynamics). Lane 1, RNA
from normal skin, fresh frozen by surgical pathology and purified using
the standard TRIzol Reagent protocol.(4) This sample is representative
of numerous unsuccessful attempts that have been made to obtain
intact RNA from human surgical samples (data not shown); lanes 2– 6,
RNA purified from tissues maintained in RNAlater for 2 weeks at 4°C
and purified using the standard TRIzol Reagent protocol; lanes 2– 4,
RNA from normal skin; lane 5, RNA from squamous cell carcinoma
from the same patient shown in lane 3; lane 6 RNA from basal cell
carcinoma from the same patient as lane 4. Intact ribosomal bands and
high-molecular weight RNAs are clearly visible in RNAlater treated
samples and markedly decreased in the fresh frozen specimen.
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analysis were also confirmed by Northern blot anal-
ysis (Fig. 6). It should be noted that the most likely
cause of RNA degradation in the flash-frozen sam-
ple (lane 1, Fig. 6) was the time period that the
sample spent in surgical pathology before freezing.
It is unlikely that the degradation occurred during
homogenization because it was pulverized in a fro-
zen state immediately before homogenization in
TRIzol Reagent. Before the initiation of the tissue
procurement protocol depicted in Fig. 7, RNA deg-
radation was the rule rather than the exception.

The microarray analysis comparing RNAs puri-
fied from a sclerosing BCC and a well-differentiated
SCC confirmed the adequacy of our RNA templates
and simultaneously identified some intriguing dif-
ferentially regulated genes (Fig. 5 and Table 1).
RNAlater preserved RNAs provided templates for
microarray analysis that were indistinguishable
from 1) RNA obtained from cultured cells treated

directly with TRIzol Reagent and 2) tissues that
were immediately frozen and then homogenized in
TRIzol.

Not only was the RNA an excellent template, the
microarray analysis of these RNAs demonstrated
histo-molecular correlation. Many of the differen-
tially regulated genes identified by microarray anal-
ysis (Table 1) are expected, based on the observed
histopathology of the tumors and published func-
tions of the differentially expressed genes. These
findings provide preliminary evidence for good his-
topathologic correlation between human tumor pa-
thology and microarray analysis. For example, the
most prominent histological differences observed
in these two tumors (Fig. 5) are (a) the more differ-
entiated status of the squamous cells versus the
basal cells (as demonstrated by keratinization and
prominent desmosomal attachments in the SCC)
and (b) the rate of proliferation of the tumor as

FIGURE 5. Pathologic features of tumors used in microarray analysis A sclerosing BCC and well-differentiated SCC preserved in RNAlater were
selected as sources of RNA for microarray analysis. The pathologic features of the tumors are shown at 400 3 power and listed above. Mitotic figures,
apoptotic cells, lymphocytic and eosinophilic infiltrates, keratinization, and intercellular bridges are marked as indicated. The BCC is a less
differentiated, more actively dividing tumor.
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FIGURE 6. Molecular analyses of RNA A, representative panel from the expression microarray is shown. The squamous cell carcinoma mRNA is
labeled with Cy5-dCTP (red) and the basal cell carcinoma mRNA is labeled with Cy3-dCTP (green). mRNA purified from RNAlater-treated tissues
provided excellent templates for microarray analysis. B, Northern blot (performed as described previously [5]); lane 1, 1 mg squamous cell carcinoma
poly A1-enriched RNA; lane 2, 1 mg basal cell carcinoma poly A1-enriched RNA (same RNA samples used on the microarray); the Northern blot was
probed with a cDNA encoding the monokine induced by gamma interferon (MIG) that is also shown as a green spot on the microarray above.
GAPDH expression is shown below as a loading control in panels B and C. Northern blot analysis confirms differential expression of MIG in these
samples. C, Northern blot of the same gel shown in Fig. 4, probed with KIAA0941, a gene differentially expressed in the previously described
microarray experiment. The transcript is clearly visible in RNA purified from RNAlater-treated tissues, but not in the RNA isolated by the same
method from flash-frozen tissue. Although KIAA0941 was differentially expressed in the two tissues compared by microarray, the pattern of
differential expression was not maintained in additional patients’ tumors.
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demonstrated by the higher mitotic rate of the BCC.
Desmoglein 1, a desmosomal protein expressed pri-
marily in the differentiated layers of the epidermis
(9) showed a 2.3-fold higher expression in the SCC
versus the BCC, corresponding to the differentiation
status of the tumors. Stathmin is a cytosolic phos-
phoprotein implicated as a relay protein that inte-
grates various signaling pathways with cell prolifer-
ation and differentiation. It is expressed at higher
levels in rapidly proliferating, less differentiated
cells (10). Our microarrays show 4.0-fold higher
expression in the BCC relative to the SCC, correlat-
ing to the higher rate of proliferation and less dif-
ferentiated status in the BCC. To our knowledge,
stathmin expression has not been previously re-
ported in normal or malignant cutaneous lesions.

In addition to the expression of several expected
individual genes, two specific expression patterns
were identified, namely genes regulated by either
retinoids or interferons, or both (Table 1). Interest-
ingly, retinoids and interferons potentiate each
other in vitro (11) and have been used together to
treat squamous cell carcinomas (12). Because reti-
noids are clearly involved in the programmed dif-

ferentiation of keratinocytes (13), it makes sense
that many retinoid-inducible genes are differen-
tially expressed in tissues with dissimilar levels of
differentiation. Interestingly, interferon-regulated
genes have recently been shown by Karpf et al (5) to
be involved in the cellular response to 5'-aza-2'-
deoxycytidine, an inhibitor of DNA methyltrans-
ferase. These findings warrant investigation of the
role of interferon-regulated genes in the differenti-
ation status of cutaneous malignancies. It will be
interesting to see if any of the recently discovered
genes or EST’s identified in this microarray prove to
be part of these same pathways.

In conclusion, the preservation of tissue RNA has
contributed to the success of this protocol at our
institution. The key to successful procurement of
tissues for studies involving RNA is the use of a
multidisciplinary collaborative approach (Fig. 7).
Clearly, the tumor bank or clinical investigator
must identify cases of potential interest. In consul-
tation with a surgical pathologist, tissue specimens
may be collected rapidly at the time of a surgical
procedure, and specimens may be placed in RNA-
later as quickly as possible, provided there are ad-

FIGURE 7. Multidisciplinary tumor bank procurement protocol Schematic illustration of our standard tumor bank procurement protocol
incorporating RNAlater preservation methodology. The implementation of this multidisciplinary approach, utilizing an agent capable of preserving
RNA has maximized our use of human surgical specimens without compromising patient care.
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equate tissue samples for diagnostic and prognostic
purposes. The usual dissection and processing pro-
tocols can then be followed, obtaining tissue for
electron microscopic studies, tissue banking, cyto-
genetic studies, tissue culture, and so forth. Tissue
placed in RNAlater may be held for at least eight
weeks without compromising tissue histology or
immunohistochemical studies. If the pathologist
does not need the tissue for diagnostic purposes, it
may be delivered to the basic scientist for molecular
studies, thereby making the most efficient use of
this limited and valuable resource.
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Book Review

Fletcher CDM, editor: Diagnostic Histopathology
of Tumors, Second Edition, 1850 pp, London,
Churchill Livingstone, 2000 ($350.00).

The first edition of this book was unfortunately not
reviewed in Modern Pathology, and all that this Book
Review Editor can provide are a few flimsy excuses. In
the meanwhile, even without our endorsement, the
book turned out to be an unqualified success, receiv-
ing worldwide praise and awards. It apparently did
well financially, since the second edition appeared
only 4 years after the first one.

Because reviewing a book of this size could con-
sume considerable time, I decided to ‘cheat‘ a bit and
asked my residents which one of the four major sur-
gical pathology books they would recommend the
most to their peers. Almost unanimously their answer
was that for learning surgical pathology they would
recommend Rosai and for day-to-day consultations
they would use Fletcher. The results of this unscientific
poll are good news for Harcourt (the publisher of both
books), but unfortunately my residents were not artic-
ulate enough in explaining their choices, or in provid-
ing me with the exact words that I could you use in this
write-up. Thus, I schlepped home the two heavy vol-
umes of Fletcher and perused them while hiding from
my grandchildren. I enjoyed reading parts of it, and
what’s even more important, I was most favorably
impressed.

I am not sure that I will be much better than my
residents at telling you why I liked the book, but I will
try my best. First of all, it is physically beautiful and
one feels a tactile pleasure leafing through it. The
layout of the text and the color photographs is truly
pleasing. Second, even though it is a multiauthored
book it reads like work of a single writer. Either Dr.
Fletcher edited the text extensively himself, or he was
aided by a compulsive copy editor, or he persuaded
the contributors to conform and follow his instruc-
tions on how to deal with each subject. In any case,
almost all chapters are structured rather uniformly,
reflecting the analytical diagnostic approach favored
by the editor. Third, the authors do not mince words.
This is what we know about this and that entity; here
are our arguments for calling it this and that; and here
is our approach on how to diagnose it next time you
see it.

Reading the text, one has the impression that all

the unnecessary chaff has been left out and that the
book deals with the essential core only. Anybody who
has ever tried to write a brief textbook or chapter
knows that it is much easier to be logorrheic than
terse! Surgical pathologists, by temperament or the
nature of their job, like texts written such a way, and I
predict that they will appreciate the effort of these
writers to be concise. The text is amplified by well-
chosen photomicrographs, shot just at the right mag-
nification. There are many of them, and almost all of
them are technically flawless.

Dr. Fletcher has assembled a stellar team of con-
tributors, and they have produced a remarkable text.
My critical comments pertain more to style than any-
thing of substance. For example, I like good tables and
I would have liked more tables. For example, there are
some tables that compare the diagnostic aspects of
closely related tumors—I would have liked more of
those. On the other hand, I did not see the point of
including some extremely long tables; some of these
‘all inclusive‘ tables had to be printed in barely legible
letters to fit onto the page! I also should mention the
lists of references that could be shortened in the next
edition; 23 pages of references at the end of the lym-
phoma chapter is too much even for ‘lymphomani-
acs,‘ not to mention us regular mortals. Finally, I know
that certain pathologists are ‘irreplaceable‘ and that a
major book of this kind would be ‘unimaginable‘ with-
out their contribution, but having them write on the
same topic in more than one ‘major‘ textbook may
give the readers a sense of déjà vu. But, of course, I
might be wrong.

Having fulfilled my function of the critic, let me
end this review on a positive note and an unequivocal
endorsement of this magisterial opus. It is destined to
become the standard by which all other books of this
kind are measured. I predict that it will be enthusias-
tically received by most juniors and many seniors (I
did not dare to use the word ‘most,‘ as you can imag-
ine!) in our ranks. I recommend it most enthusiasti-
cally in its critically revised and updated second
edition.

Ivan Damjanov
University of Kansas School of Medicine
Kansas City, Kansas
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