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Fluorescence-based RT PCR Analysis:
Determination of the Ratio of Soluble to
Membrane-bound Forms of FcyRIIA
Transcripts in Hematopoietic Cell Lines
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"Molecular Biology Graduate Group, University of Pennsylvania School of Medicine, Philadelphia, Pennsylvania 19104;
2Division of Hematology, The Children’s Hospital of Philadelphia, Department of Pediatrics, The University of Pennsylvania
School of Medicine, Philadelphia, Pennsylvania 19104

We have developed a fluorescence-
based RT PCR assay for determina-
tion of the ratio of two alternatively
spliced transcripts in different cell
types. Fluorescence detection, by an
automated DNA sequencer, allows
enhanced sensitivity and ease of data
processing. PCR products are fluores-
cently tagged using a dye-labeled oli-
gonucleotide primer during the PCR
reaction. Assay conditions were first
defined so that fluorescence intensity
of the PCR products was linear with
respect to input RNA and exponential
relative to PCR cycle number. Sensi-
tivity and reproducibility of detec-
tion were evaluated with serial dilu-
tions of RT PCR reactions. We have
applied this assay to an analysis of
the lineage-specific expression of two
human FcyRIIA transcripts, FcyRllal
and FcyRlla2, in different hema-
topoietic cell lines. Previously, we
noted that when standard RT PCR
conditions are used with primers
that bracket the TM exon, the pattern
of expression of these transcripts as
assessed by ethidium bromide stain-
ing of agarose gels varied in different
hematopoietic cell lineages. Using
the fluorescence-based RT PCR
method, we now confirm our previ-
ous findings and quantitate tran-
script ratios (FcyRlla2/FcyRllal) in
several hemapoietic cell lines. The ra-
tio varies from 0.70 (41% FcyRlla2)
in the erythroleukemic cell line HEL,
to 0.14 (12% FcyRlla2) in the mono-
cytic cell line U937, to 0.07 (6%
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FeyRlla2) in the multipotential cell
line K562. This fluorescent RT PCR
method provides a general approach
to quantitating mRNA levels and ra-
tios of PCR products in other gene
systems.

Reverse transcriptase-polymerase chain
reaction (RT PCR) has been increasingly
used for the study of gene expression. Its
sensitivity allows assays to be performed
rapidly with small amounts of input
RNA without the use of radioactivity.
Furthermore, the use of gene-specific
primer pairs, a crucial factor when study-
ing a member of a highly homologous
gene family, affords a high degree of
transcript specificity. Quantitation of
specific transcripts is not trivial, because
any assay involving PCR must address
the limitations inherent in the amplifi-
cation process. However, if reaction con-
ditions are chosen such that amplifica-
tion is exponential, and steps are taken
to standardize the assay conditions, RT
PCR can be a useful tool in studying
transcript levels. The task is greatly sim-
plified when a relative number, such as
the ratio of two similar transcripts is
sought, as opposed to an absolute num-
ber, such as viral copy number. The
study of transcript ratios makes the need
to control for the variability of reaction
efficiency less crucial to the ultimate re-
sult, as factors influencing such parame-
ters are likely to affect both transcripts

equally. It also eliminates the need to
control for variations in sample loading.

The method of detection of the PCR
products is an important factor in quan-
titative PCR-based studies. Several differ-
ent detection approaches have been
employed. Radioactivity can be used di-
rectly in the PCR reaction, either in the
form of a 32P-end-labeled primer,"” or
with the addition of a [a-32P}dXTP,®
both of which result in PCR products la-
beled with 32P. Alternatively, PCR prod-
ucts can be blotted and probed with a
32p.labeled probe. These methods are
cumbersome, because they can involve
either excision of bands from a gel fol-
lowed by scintillation counting or quan-
titation by densitometric methods. Pho-
ton-counting cameras have also been
used to quantitate radioactive signal in-
tensity®; however, data processing is te-
dious. Ethidium bromide staining of gels
can be used as a means of detection,
although it involves time-consuming
two-dimensional densitometry of nega-
tives.*> The use of fluorescent dyes in
PCR is becoming more common, be-
cause of its versatility and sensitivity.®”
The advent of instruments such as auto-
mated DNA sequencers® with software
to collect and analyze the laser-gener-
ated data has made fluorescence an at-
tractive choice for detection and quanti-
tative studies.

We are interested in studying the reg-
ulation of gene expression of the human
FcyRIIA gene. Fcy receptors bind the Fc
portion of immunoglobulin G and are
involved in the regulation of immune
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response. They are expressed on the sur-
face of many hematopoietic cells and,
upon ligand binding, can cause phago-
cytosis, antibody-dependent cellular cy-
totoxicity, release of soluble mediators,
or regulation of antibody production
(for review, see reference 9). The human
FcyRIIA gene gives rise to multiple tran-
scripts, as does the highly homologous
FcyRIIB gene.® Alternative splice—ac-
ceptor site usage in the 5’-untranslated
region of FcyRIIA gives rise to transcripts
differing in their 5’ end.*® Alternative
splicing of the transmembrane (TM)
exon results in the production of two
transcripts: FcyRIIA1, containing the TM
exon, and FcyRIIA2, lacking the TM
exon.* ' A protein of the appropriate
size predicted by the FcyRIIA2 transcript
can be immunoprecipitated from the
medium of cells making this tran-
script.'" This soluble receptor may play
an important role in the regulation of
immune function by acting as a negative
regulator of its integral membrane coun-
terpart,'>% as is the case with other sol-
uble receptors, such as GM-CSF R,
IL-4 R,%® and IL-7 R."” Our previous
study of the differential expression of
the FcyRII transcripts in hematopoietic
cell lineages using RT PCR suggested that
expression of the FcyRIIA transcripts
may be regulated in a lineage-specific
manner.?® However, the RT PCR assay
employed in those studies was not quan-
titative. In this report we define condi-
tions for a fluorescence-based RT PCR as-
say and apply this assay to quantitative
determination of the ratio of soluble to
membrane forms of the FcyRIIA tran-
scripts. This method is also applicable to
other PCR-based studies of gene expres-
sion.

MATERIALS AND METHODS
Cell Lines

The human erythroleukemic cell line
HEL (ATCC TIB 180), the human mono-
cytic cell line U937 (ATCC CRL 1593),
and the human multipotential he-
matopoietic cell line K562 (ATCC CCL
243) were obtained from American Type
Culture Collection (Rockville, MD) and
were maintained in serum-free mac-
rophage medium with 2 mwm 1-glutamine
and 100 U/ml each of penicillin and
streptomycin, all obtained from GIBCO
BRL (Gaithersburg, MD). HEL cells are
bipotential (erythroid and megakaryo-

cytic; see reference 19); they were used
in this study as a model of megakaryo-
cyte gene expression.

RNA Extraction

Cells were harvested, total RNA was iso-
lated using RNAzol (Tel-test, Inc., Friend-
swood, TX), and RNA was then resus-
pended in diethylpyrocarbonate-treated
water, and frozen at —70°C in small ali-
quots. RNA concentration was deter-
mined spectrophotometrically, and RNA
quality was assessed by electrophoresis
on a nondenaturing 1% (wt/vol) agarose
gel in 10 mum sodium phosphate (pH 7.4)
containing ethidium bromide.

Creation of Positive
Control Template

We created a control template that com-
petes for amplification by the same
primers and results in a PCR product of a
size distinguishable from the cDNA-de-
rived PCR products. This was accom-
plished by first using chimeric primers
in a PCR reaction to add FcyRIIA se-
quences onto the ends of an unrelated
DNA fragment. Chimeric primers were
made with 5" ends containing sequences
from the human FcyRIIA gene followed
by 3' sequences from the luciferase
cDNA.®? The 5'-chimeric primer (5'-AT-
GTCTCAGAATGTATGTCCCAGAGATCTA
GCTCATTCC-3') and 3'-chimeric primer
(5'-CTCAAATTGGGCAGCCTTCACGTTT-
TAGAATCCATG-3’) were used in a PCR
reaction with the pXP1 vector contain-
ing the luciferase cDNA, kindly provided
by S.K. Nordeen (University of Colorado
Health Sciences Center, Denver). The re-
sulting PCR product was blunt-ended us-
ing Klenow fragment (GIBCO BRL,
Gaithersburg, MD) and then subcloned
into the Smal site of pGEM3Z (Promega,
Madison, WI). The control plasmid was
added to the PCR mix, and an aliquot of
the PCR mix was added to each PCR re-
action tube. FcyRIIA primers comple-
mentary to the FcyRIIA sequences of the
chimeric primers were used to amplify
the insert, resulting in a PCR product 550
bp in length, whereas the PCR products
derived from the FcyRIIA cDNAs were
639 and 763 bp. The amount of control
plasmid included in each competitive
PCR reaction was 15 pg, which resulted
in similar fluorescence intensities for
control and cDNA-derived PCR products.

<DNA Synthesis

An RT mix was created by combining 5x
RT buffer (250 mum Tris-HCl at pH 8.3, 75
mmMm KCI, 3 mm MgCl,), DTT, random
primers (Promega, Madison, WI), and
dNTPs (Pharmacia, Piscataway, NJ). An
aliquot of this mix was added to total
RNA with or without yeast tRNA (Sigma,
St. Louis, MO), followed by the addition
of 500 units of Moloney murine leuke-
mia virus (M-MLV) RT (GIBCO BRL,
Gaithersburg, MD). The final concentra-
tions in 20 wl are as follows: 50 mwm Tris-
HCI (pH 8.3); 3 mm MgCl,; 10 mm DTT;
1.3 pm random primers; and 500 uM each
dATP, dCTP, dGTP, and TTP. In the ex-
periments testing input RNA amounts
(Fig. 1), the final RNA quantities in each
reaction were adjusted with yeast tRNA,
so that total nucleic acid amounts were
constant. Similar experiments were done
without the addition of tRNA with simi-
lar results (data not shown). The range of
total RNA tested varied from 0.5 to 30 p.g.
The reaction was incubated for 10 min at
25°C, followed by 60 min at 42°C, and
then terminated by incubation for 10
min at 90°C, followed by the addition of
20 pl of 1x RT buffer, bringing the total
volume to 40 pl. The PCR reactions and
resulting data points are referred to by
the initial amount of total cell line RNA
in the RT reaction, although only a frac-
tion of the RT reactions are used in the
PCR reactions.

Oligonucleotide Primers and PCR

The primers used to specifically amplify
the FcyRIIA transcripts have been de-
scribed elsewhere.'® The FcyRIIA-spe-
cific 5" primer (5'-ATGTCTCAGAAT
GTATGTCCCAGA-3') was synthesized by
the Nucleic Acid/Protein Core facility at
the Children’s Hospital of Philadelphia,
and the dye-tagged 3' primer containing
a fluorescein dye attached to the 5’ end
(8'-F CTCAAATTGGGCAGCCTTCAC-3/,
where F represents the fluorescein resi-
due) was commercially synthesized by
Research Genetics, Inc. (Huntsville, AL).
PCR mix was created by combining 10X
PCR buffer [100 mm Tris-HCI at pH 8.3,
500 mm KCI, 15§ mm MgCl,, 0.01% (wt/
vol) gelatin], dNTPs, 5’ primer, 3’
primer, and control template (15 pg per
reaction). For the PCR reaction, 12 pl of
the RT reaction described above was
combined with 86 ul of the PCR mix.
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FIGURE 1 Fluorescence intensity of RT PCR products as a function of input RNA HEL cell total RNA ranging from 0.5 to 30 pg with a final nucleic
acid content of 30 pg (adjusted with yeast tRNA) was used for RT PCR with 25 cycles of amplification. Aliquots of each reaction were run on a 5%
(wt/vol) polyacrylamide gel using an automated DNA sequence analyzer and evaluated with the Gene Scanner 1.1 software. A representative
experiment is shown. The equation of the line created by the data points is shown as well as the standard errors, represented by the vertical lines
at each data point. (A) Fluorescence intensity as a function of input RNA; (B) FcyRIla2/FcyRIlal (TM —/TM +) transcript ratios as a function of input
RNA for the range 0.5-5.0 ug. (C) A representative chromatogram of 2.5 pg of HEL cell total RNA is shown with the peaks of the internal control,

FcyRIIA2, and FcyRIIAL.

Samples were placed in the Perkin-Elmer
Cetus 9600 PCR machine and heated to
94°C for at least S min, as a hot start®V
to decrease nonspecific annealing. Two
and one-half units of Amplitaq (Perkin-
Elmer Cetus, Norwalk, CT) were then
added, bringing the final volume to 100
wl. The final concentrations were as fol-
lows: 50 mm KCl; 10 mwM Tris-HCI (pH
8.3); 1.5 mm MgCl,; 0.001% (wt/vol) gel-
atin; 30 pmoles of 5’ primer; and 30
pmoles of 3’ primer. The PCR reaction
consisted of denaturation at 94°C for 30
sec, annealing at 64°C for 30 sec, and ex-
tension at 72°C for 60 sec for the number
of cycles indicated. Expected sizes of PCR
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products are 762 bp for FcyRIlal, 639 bp
for FcyRIla2, and 550 bp for the internal
control.

Detection

Ten microliters of the PCR reactions was
loaded on a 1.5% (wt/vol) agarose gel in
1x TBE buffer and run at 150 V for ~30
min to assess whether RT PCR had oc-
curred. One microliter of each PCR reac-
tion or 1 pl of serial dilutions in PCR mix
were mixed with an equal volume of
deionized formamide, heated at 95°C for
2 min, and placed on ice. Samples were

run on a 5% (wt/vol) polyacrylamide gel
containing 8 M urea on the automated
DNA Sequencer 373A (Applied Biosys-
tems, Inc., Foster City, CA). Genescan
2500 markers (Applied Biosystems, Inc.)
were included in each sample or repre-
sentative samples. Electrophoresis was
performed for 12 hr at 30 W with a pho-
tomultiplier setting of 580 mV, and data
were collected and analyzed using the
Gene Scanner software GS Analysis 1.1.
The ratios were calculated using peak ar-
eas, and data were further analyzed using
Cricket Graph (Cricket Software, Mal-
vern, PA) on a Macintosh Ilci computer
(Apple Computer, Inc., Cupertino, CA).
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RESULTS
Assay Standardization

Total HEL cellular RNA of varying
amounts was used in RT PCR reactions,
to determine the range over which fluo-
rescence intensity was linear with re-
spect to input RNA. When the PCR cycle
number was held constant at 25, there
was a linear relationship between fluo-
rescence intensity and input HEL RNA
between 0.5 and 5.0 ug (Fig. 1A), with
linear regression coefficients of #» =
0.979 for FcyRIlal and 2 = 0.986 for
FcyRIIa2, indicating that fluorescence is
directly proportional to input RNA in
this range. In addition, relative tran-
script ratios (FcyRIIa2/FcyRIlal) re-
mained constant (0.65) over this linear
response range (Fig. 1B). Thus, these data
establish that <5 ug of input RNA is op-
timal for ratio quantitation. Two and
one-half micrograms of input RNA was
therefore chosen for monitoring relative
transcript ratios in the different he-
matopoietic lineages. It is interesting to
note that at higher input RNA (i.e., 10—
30 p.g), the output fluorescence intensity
decreases.

Because we were interested in deter-
mining ratios and not absolute tran-
script numbers, fluorescence output of
an internal control was not required;
however, an internal control was in-
cluded in each reaction to assess effi-
ciency and variability of PCR. The con-

trol was an unrelated plasmid insert
containing sequences at the ends that
hybridize to the FcyRIIA primers and,
therefore, a competed with first-strand
RT -derived cDNA for the primer pair.

To determine the optimal PCR cycle
number, a constant amount of input
RNA (2.5 pg) and control plasmid (15 pg)
were used in RT PCR reactions, and the
cycle number was varied between 24 and
40. Our results show exponential in-
creases in fluorescence intensity be-
tween 24 and 28 cycles of PCR (Fig. 2A)
fitting an exponential equation with
r* = 0.992 for FcyRIlal and 72 = 0.987
for FcyRIIa2. When graphed as log fluo-
rescence intensity versus cycle numbert,
the results show a linear relationship at
these cycle numbers for the internal con-
trol as well as the two FcyRIIA mRNAs,
followed eventually by a plateau. When
transcript ratio was plotted versus cycle
numbers at which fluorescence is expo-
nential, the ratio remained close to 0.70
(Fig. 2B). Thus, for further experiments,
25 cycles of amplification were chosen,
because fluorescence intensity varied ex-
ponentially with respect to cycle num-
ber in this range.

The sensitivity and accuracy of the as-
say were tested by analyzing serial dilu-
tions of RT PCR reactions. The results of
five separate experiments show that the
scanner accurately detects fluorescence
intensity over a fourfold dilution range
(0.25-1.0), resulting in similar ratios of

FcyRIIa2/FcyRIlal transcripts over this
range (Fig. 3). The photomultiplier
within the automated DNA sequencer
can also be adjusted to increase the
range of detection (data not shown).

Application of Assay to Quantify
mRNA Ratios of Soluble/Membrane
FcyRIIA in Different

Hematopoietic Lineages

RNA samples from HEL (megakaryo-
cytic), K§62 (multipotential), and U937
(monocytic) hematopoietic cell lines
were then evaluated using the condi-
tions described above to determine tran-
script ratios of soluble to membrane-
bound forms of FcyRIIA. HEL cells
consistently showed a 10-fold greater rel-
ative expression (0.70 = 0.09) of soluble/
membrane transcripts compared with
KS62 cells (0.07 = 0.02), whereas U937
cells (0.14 + 0.03) expressed twice the
ratio of K562 cells (Fig. 4).

DISCUSSION

We have developed a fluorescence-based
RT PCR assay for accurate determination
of relative mRNA ratios of soluble/mem-
brane-bound forms of FcyRIIA tran-
scripts in different hematopoietic cell
types. RT PCR is a powerful technique
due to its sensitivity and specificity. We
have determined conditions under
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FIGURE 2 Fluorescence intensity as a function of PCR cycle number. HEL cell total RNA (2.5 pg) was used in an RT PCR experiment in which the
cycle number varied from 24 to 40, and aliquots were run and analyzed as in Fig. 1. (A) Log of fluorescence intensity as a function of cycle number;
(B) FeyRIla2/FeyRIlal (TM —/TM +) transcript ratios as a function of cycle number in the exponential range of fluorescence response between 24

and 28 cycles.
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FIGURE 3 Ratio of FcyRIla2/FcyRIlal (TM ~/TM +) as a function of reaction dilution. Five mi-
crograms of HEL cell total RNA was used in an RT PCR experiment with 25 cycles of PCR
amplification, aliquots were removed, serial dilutions were made, and samples were run and
analyzed as in Fig. 1. FcyRIla2/FcyRIlal (TM —/TM +) transcript ratio as a function of dilution is
presented as the average * the standard deviation from five independent experiments.

which RT PCR gives an accurate reflec-
tion of the ratios of the transcripts of in-
terest. When performing RT PCR in the
hopes of drawing conclusions about al-
ternatively spliced transcript ratios, the
initial reaction producing cDNA from
RNA must first be optimized such that
the ¢cDNA pool produced is representa-
tive of the mRNA(s) of interest. Comple-
mentary DNA can be made from total
RNA with one of three types of primers:
oligo(dT), gene-specific primers, or ran-

dom hexamers. Random hexamers were
used in this study to prime the cDNA
synthesis such that the cDNA population
is most likely to be a reasonably accurate
representation of the message popula-
tion and free of primer bias.

Several PCR parameters must be con-
trolled when quantitating ratios of PCR
products (for review, see reference 22).
The amplification must be studied in the
linear range, where the ratio of tran-
scripts after amplification is directly pro-

0.21

V0

uge37 K562

FIGURE 4 Ratio of FcyRIIa2/FcyRIlal (TM —/TM +) transcripts in different cell lines as measured
by fluorescence-based RT PCR. Total RNAs (2.5 pg) from HEL, U937, and K562 cells were sub-
jected to fluorescence-based RT PCR for 25 cycles of amplification, and aliquots were run and
analyzed as in Fig. 1. FcyRIla2/FcyRIlal (TM—/TM+) transcript ratio is presented as the
average * the standard deviation for three to five independent experiments for each cell line.
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portional to that before amplification.
This is dependent both on the quantity
of input template®® and the extent of
PCR amplification. To address these
points in our study, the appropriate
quantity of input template and cycle
number was determined by keeping one
variable constant while varying the
other. An amount of input RNA and cy-
cle number that were in the linear range
of amplification and gave a detectable
signal were used in further experiments.
We observed a decrease in fluorescence
intensity with higher amounts of input
RNA (10-30 pg); a similar phenomenon
was seen previously by Williams et al.,
using ethidium bromide detection and
radioactive quantitation.®® It has be-
come common to employ an internal
standard when attempting to quantitate
PCR products. In our study, however,
when the relative ratio of PCR products
is sought, the need for an internal con-
trol is lessened. We chose to include a
competitive internal control simply to
monitor the PCR reactions; the fluores-
cence intensity of the control product
was not used in the calculations of the
transcript ratios.

Our RT PCR method, using a dye-
tagged primer and an automated DNA
sequencer, is significantly more sensitive
than methods based on ethidium bro-
mide staining of gels. Because only one
of the PCR primers is tagged with a flu-
orescent dye at the 5’ end, the number of
fluorescent molecules is directly propor-
tional to the number of PCR products
present. This is in contrast to ethidium
bromide, which intercalates DNA, so
that larger DNA fragments contain more
bound ethidium bromide, thus entailing
additional corrections for fragment size.
The fluorescent PCR fragments can be
resolved on agarose or polyacrylamide
gels in a fluorescent fragment analyzer
that uses a laser to scan the gel and
records the intensity of the bands as
peaks in a chromatogram (see Fig. 1C). A
similar method has been used to study
the expression of the bcr-abl gene. !V It
is particularly useful for the study of al-
ternatively spliced transcripts from a
gene family like the FcyRII family or
transcripts from different but highly ho-
mologous genes, because the specificity
of RT PCR is paired with the sensitivity
of fluorescence.

It is clear that the delineation of the
precise mechanisms of lineage-specific
alternative splicing will be important to


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cship.org on June 23, 2026 . Published by Cold Spring Harbor Laboratory Press

Y A BN BN N 1/llIResearch

understand the complexities of gene reg-
ulation. The quantitative assay devel-
oped here has allowed us to evaluate the
transcript ratios for soluble/membrane-
bound forms of FcyRIIA and to deter-
mine that expression of the FcyRIIA gene
is regulated in a lineage-specific manner.
This fluorescence-based method will
now be used to delineate the cis-acting
elements involved in this regulation in
an attempt to better understand alterna-
tive splicing in general and FcyRIIA ex-
pression in particular.

In this study we have developed a
quantitative assay that facilitates the
measurement of relative transcript ratios
in different lineages. This methodology
can now be used in studies examining
the regulated expression of these tran-
scripts. Quantitation of PCR products
has been used for monitoring minimal
residual disease,®*>> gene dosage,*?®
viral copy number,®” and for studies of
multiple transcript isoforms.?® The flu-
orescence-based RT PCR method de-
scribed above is both sensitive and re-
producible. Using defined conditions,
the ratios after amplification should re-
flect the ratio of the transcripts present
in the input RNA. Conditions have been
defined to attach fluorophores to the 5'
end of primers either during®® or af-
ter®® oligonucleotide synthesis. Fluo-
rescein-12-dUTP can also be incorpo-
rated during the PCR reaction to tag PCR
products.®® Fluorescent dyes such as
thiazole orange (TOTO) can also be re-
acted with PCR products after amplifica-
tion as a means of detection and quan-
titation.*> One limitation to the use of
any of these fluorescence detection
methods is the cost of the equipment
and software needed to process the data.
However, these sequencers are becom-
ing more common, and less expensive
fluorescence detection devices may be
developed so that the cost of the scan-
ning equipment will not be the limiting
factor. Fluorescence-based PCR method-
ology should be applicable to PCR prod-
uct quantitation studies as well as RT
PCR analyses involving multiple tran-
script isoforms. The use of fluorescence
in PCR adds flexibility and sensitivity to
the continually increasing body of PCR
applications.
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