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Chronic lymphocytic leukemia (CLL) is the most com-
mon leukemia affecting adults in the western world.
The clinical course of CLL is highly variable: cases that
express mutated immunoglobulin heavy chain vari-
able regions (IgVH) typically have a more indolent
clinical course compared with those with unmutated
IgVH. The use of the VH3-21 variable region has also
been found to confer a poor prognosis, independent
of mutation status. Here we describe an assay for the
identification of the expressed VH segment and its
mutation status in CLL. This test uses whole blood-
derived RNA and PCR primers annealing to the leader
regions and the joining region segments. This ap-
proach allows more accurate determination of the
IgVH mutation status relative to using framework re-
gion specific VH primers. An additional primer spe-
cific for the leader region of the VH3-21 segment is
described and is shown to be necessary to identify
this diagnostically important variable region. We suc-
cessfully analyzed 99 of 103 samples, including five
expressing the VH3-21 variable region. Approximately
5% of cases had complement determining region 3 se-
quences similar to previously reported cases, and over-
representation of the VH1-69 segment was observed
among unmutated cases. These results confirm the
proper functioning and high success rate of this valu-
able prognostic for CLL designed for the use in a clinical
laboratory setting. (J Mol Diagn 2010, 12:244–249; DOI:
10.2353/jmoldx.2010.090091)

Chronic lymphocytic leukemia (CLL) is a neoplasm of
small mature B-cells and the most common leukemia
affecting adults in the United States and Europe.1 Almost
all cases of CLL express CD5 along with pan-B-cell mark-
ers such as CD19 and show other characteristic immu-
nophenotypic features that can be easily identified by
flow cytometry analysis.1–3 Many patients are asymptom-
atic in early stage disease at diagnosis and are now often
identified through routine blood testing.4 However, the

clinical course of CLL is highly variable with many cases
behaving indolently with little affect on survival and others
behaving aggressively with patients succumbing to their
disease after only a few years.2,4 Since traditional staging
methods cannot predict the clinical course of disease in
patients with early stage CLL, the identification of biolog-
ical prognostic markers to potentially help guide treat-
ment decisions has assumed increased importance.4,5

One of the earlier biological markers reported to cor-
relate with CLL clinical course was the somatic mutation
status of the expressed Ig heavy chain variable region
gene segment (VH).

6,7 Cases that express mutated VH

gene segments (less than 98% homology to the germline
counterparts) typically have a more favorable clinical
course than those expressing unmutated VH segments
(98% or greater homology to the germline segment).
Subsequent studies confirmed these findings and also
that usage of the VH3-21 gene segment confers a poor
prognosis, regardless of the IgVH mutation status.8,9 The
basis for the prognostic significance of VH mutational
status and expression of VH3-21 is still unclear, but likely
relates to signaling differences mediated by surface Ig,
the CLL antigen receptor.2,9 The importance of direct
antigen receptor stimulation in the development and
growth of CLL is also supported by studies revealing
preferential use of certain VH gene segments and cases
from different patients with nearly identical VH and VL

genes, including the highly variable complement deter-
mining region 3 (CDR3).9–11 Expression of ZAP-70 and
CD38 have been found to correlate with the immunoglobulin
gene mutation status,7,12,13 and measurement of these
markers by flow cytometry is used as a surrogate for IgVH

mutation status. Several recurrent cytogenetic abnormali-
ties present in CLL typically identified by fluorescence in
situ hybridization have also been shown to have prognostic
significance such as presence of deletions in the long arms
of chromosomes 13 [del(13q14.10)], 11 [del(11q)], and 6
[del(6q)] and deletions in the short arm of chromosome 17
[del(17p)].14–16 However, recent studies have shown that
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VH mutational status still has prognostic significance in CLL
independent of cytogenetic findings.13,17

Here we describe a method for the accurate determi-
nation of the identity and mutation status of the IgVH

segment expressed in CLL. Our assay has high sensitiv-
ity and several features that help with implementation in a
routine clinical laboratory.

Materials and Methods

RNA Extraction and RT-PCR Analysis

A total of 103 cases with characteristic CLL immunophe-
notypes and other features consistent with CLL were
obtained from the Associated Regional and University
Pathologists Hematological Flow Cytometry laboratory.
The research use of these left over specimens was ap-
proved by the University of Utah Institutional Review
Board, number 11905. The average percentage of neo-
plastic cells in the patient samples was 88% (range 49%
to 98%). Total RNA was prepared from whole blood or
cryopreserved white blood cells (WBC) by using the Qi-
amp RNA Blood Mini Kit (Qiagen, Inc., Valencia, CA).
Five microliters of RNA were used to generate random-
primed cDNA by using the Superscript III First Strand
cDNA Synthesis Kit for RT-PCR (Invitrogen Corp, Carls-
bad, CA). For PCR amplification cDNAs were diluted in
water to an equivalent of 2 to 10 ng of RNA per microliter.
Previously described VH family-specific forward primers
that anneal to the leader region and reverse primers that
anneal to the JH region (Table 1) were used to amplify
rearranged heavy chain variable regions.18,19 A unique
primer was also used that perfectly matched the leader
region of the VH3-21 gene segment. Twenty-microliter
PCR reactions contained 2 �L of diluted cDNA, leader
primer(s) (0.2 �mol/L), JH and JH-1 primer (0.2 �mol/L
each), deoxynucleoside triphosphates (0.2 mmol/L
each), MgCl2 (3 mmol/L), GoTaq Flexi DNA polymerase
(1 unit; Promega Corp., Madison, WI), and GoTaq Flexi
Green buffer (1X; Promega). The VH1, VH3, and VH4
primers were in separate reactions while VH2, VH5, VH6,
and VH3-21 were multiplexed together. After 2 minutes at
94°C, samples were amplified in 30 cycles of 20 seconds
at 94°C, 10 seconds at 55°C, and 30 seconds at 72°C,
followed by an additional 2 minutes at 72°C and a cool
down to 4°C. Five mircoliters of each PCR reaction were

run on a 2% agarose gel and visualized with ethidium
bromide (0.5 �g/ml) under UV light.

DNA Sequence Analysis

The PCR product to be sequenced was cleaned up by
incubating 10 �L of the PCR reaction with 2 �L ExoSAP-IT
(USB Corp., Cleveland, OH) at 37°C for 45 minutes fol-
lowed by heat inactivation for 15 minutes at 85°C and a
cool down to 4°C. The DNA was then diluted in water and
sequenced in both directions with the appropriate leader
primer and the JH-1 primer by using BigDye terminator
chemistry and the ABI3730 instrument (Applied Biosys-
tems, Inc., Foster City, CA). Forward and reverse se-
quencing results were aligned, and a consensus se-
quence was searched against the Immuno Genetics
(http://imgt.cines.fr, last accessed December 13, 2009)
database of human immunoglobulin sequences with the
V-QUEST program.20 The search returns the closest
matching germline VH segment and the percentage of
sequence identity to it. Insertions and deletions are not
taken into consideration in the calculation and must be
included manually (see below).

Dilutional Sensitivity Study

The percentages of CLL cells and normal peripheral
blood B-cells before dilution were determined by using
flow cytometry staining for CD19 and CD5, normal B-cells
being CD19�CD5� and CLL cells being CD19�CD5�.
Total RNA was prepared from both samples and brought
to the same concentration (10 ng/uL). The CLL RNA was
then serially twofold diluted in healthy donor RNA fol-
lowed by cDNA synthesis. On the basis of the flow cy-
tometry data, the hypothetical percentage of CLL cells
among total B cells (CD19�) and total WBCs was calcu-
lated for each dilution. Rearranged variable gene seg-
ments were amplified in the diluted samples and ana-
lyzed by agarose gel electrophoresis, and the resultant
bands were directly sequenced as described above.

Results

We were able to identify the full length VH segment and
determine mutation status in 99 of 103 analyzed CLL
cases. The remaining four cases did not yield a PCR
band in any of the four reactions possibly related to
primer mismatches due to excessive numbers of muta-
tions. VH segments from all families were amplified in-
cluding those from the VH7 family, which have leader
sequences that match the VH1 consensus leader primer
(Figure 1). In addition to the dominant bands typically
present that were successfully directly sequenced, faint
bands corresponding to background B-cells could also
be identified in some cases. For several cases, the weak
PCR bands were also subjected to DNA sequence anal-
ysis but always yielded polyclonal sequences (data not
shown). The multiplex reaction for VH2, VH5, and VH6
segments and VH3-21 also worked well in that dominant

Table 1. Primers

Name Sequence

VH1* 5�-CACCATGGACTGGACCTGGA-3�
VH2 5�-ATGGACACACTTTGCTCCAC-3�
VH3 5�-CCATGGAGTTTGGGCTGAGC-3�
VH3-21† 5�-CCATGGAacTgGGGCTccGC-3�
VH4 5�-ATGAAACACCTGTGGTTCTT-3�
VH 5�-ATGGGGTCAACCGCCATCCT-3�
VH6 5�-ATGTCTGTCTCCTTCCTCAT-3�
JH 5�-ACCTGAGGAGACGGTGACCAGGGT-3�
JH-1 5�-ACCTGAGGAGACGGTGACC-3�

*Note that in reference 19 this primer has a typo.
†Mismatches to the VH3 consensus primer are shown in lower case.
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bands, when present, could all be directly sequenced
with multiplexed leader primers. To validate the use of the
VH3-21-specific leader primer, four cases expressing
VH3-21 and nine cases expressing other VH3 family seg-
ments were amplified with the VH3 consensus leader
primer and the VH3-21 leader primer. As shown in Figure
2, the VH3-21 cases could only be effectively amplified
with the VH3-21 primer and vice versa. Four cases
yielded strong PCR bands of the correct size in two PCR
reactions, which could both be directly sequenced and
corresponded to productively rearranged VH genes.
Amplification of VH genes expected to have minor mis-
matches of one to three nucleotides relative to the consen-
sus leader primers was observed for 16 cases, including
some with known mismatches near the 3� end of the primer
(VH2–26, VH3-48).

Among the 99 successfully sequenced samples, only
30 of approximately 40 possible functional variable re-
gion segments were represented (Figure 3). Ten percent
of all cases expressed VH1-69, almost exclusively by

those with unmutated VH genes in agreement with previ-
ously reported studies.21 Biases in VH segment usage
were also observed for VH4-34 and VH4-39 as previously
reported.6 In addition, two cases had nearly identical
CDR3 sequences (Table 2) that closely resembled CDR3
sequences of other VH3-21 expressing CLL cases re-
ported in the literature.8 Moreover, two of our CLL cases
using VH1-69 and one using the VH4-34 gene segment
were also found to closely resemble CDR3 sequences of
unrelated previously reported CLL cases using the same
VH gene segments.10,21

Approximately half (50) of the successfully analyzed
cases showed sequence identities of 98% or greater to
the closest matching germline VH segment and were,
therefore, considered unmutated. Analysis of the distri-
bution of the number of mutations found among the sam-
ples showed a biphasic distribution peaking around 93%
to 94% germline sequence identity for the mutated cases
and a smaller number of cases with 97% to 98% homol-
ogy values, close to the 98% cut off separating mutated
from unmutated cases (Figure 4). In addition to single
point mutations, two cases were identified with in-frame
insertions/deletions with respect to the closest germline
sequence match. One case expressing VH3-7 had a 3 bp
deletion in the CDR2 region, and a case expressing
VH3-9 had a 9 bp insertion in the CDR1 region. These
in-frame insertion/deletions were counted as one single
mutation when calculating the mutation status of the vari-
able region. We estimated that about 5% of cases ex-
pressed VH genes with occasional mixed bases of nearly
equal intensity in the sequence electropherograms but
otherwise unambiguous sequence in the CDR3 portion,
consistent with ongoing somatic hypermutation.22 Since
these cases were highly mutated, the mixed positions in
the electropherogram would not have affected the muta-
tion status. Evidence of ongoing mutation was also ob-
served for a case expressing VH3-21, where a portion of
the PCR product had a 3-bp insertion in the CDR2 region.

The PCR portion of this and other VH mutation tests can
amplify expressed variable gene segments not only from
the clonal CLL cells but also from other B cells that may
be present that may limit the sensitivity of detecting the
CLL VH gene by direct sequencing of the PCR product.
To examine this issue, dilutional studies using normal
polyclonal peripheral blood B-cells were performed by
using a CLL case that expressed a VH3-48 segment from
the largest VH family with 99.7% identity to the germline
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Figure 1. Gel electrophoresis of PCR products. IgVH fragments from eight
CLL samples (each positive for a different VH gene family and the VH3-21
segment) were amplified. PCR reactions with the consensus leader primers
for the VH1, VH3, or VH4 gene families are labeled 1, 3, and 4, respectively.
The multiplexed PCR reaction combining the VH2, VH5, and VH6 consensus
leader primers and the VH3-21 leader primer is labeled C. Fragment sizes are
indicated in bp.
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Figure 2. PCR amplification of the VH3-21 variable region. Four CLL cases
expressing the VH3-21 segment and 9 cases expressing other VH3 variable
regions were amplified with the VH3 consensus leader primer (top) or the
VH3-21 specific primer (bottom). Fragment sizes are indicated in bp.

Figure 3. Distribution of VH segment usage. The number of times each VH
segment was observed is indicated. The numbers are separated into mutated
(black bars) and unmutated (gray bars) cases.
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sequence. With increasing dilution of the CLL sample,
PCR bands also appeared in the VH1, VH4, and multi-
plexed reactions as expected (Figure 5). Successful
identification of the VH gene segment by direct sequence
analysis of the PCR product was still possible in the
16-fold dilution where the CLL cells comprised 50% of
total B cells. Since the VH3 family is the largest, contain-
ing approximately half of the functional VH segments,
these results represent a lower limit of our test’s
sensitivity.

Discussion

We described a method for analysis of immunoglobulin
heavy chain variable region genes expressed by CLL
cases that gives an accurate determination of the muta-
tional status and is also well suited for use in a clinical
laboratory. We used RNA as a starting material because
immunoglobulin transcripts are highly expressed in B
cells, which enriches the target sequences and en-
hances RNA-based VH amplification, which may be im-
portant in problematic cases. Although RNA-based meth-
ods may be more susceptible than DNA-based methods
to degradation artifacts, our high rate of success in iden-
tifying the expressed VH genes in 99 of 103 tested cases
(96%) attests to our method’s robustness and high reli-

ability, where the majority of specimens were overnight
shipped. Amplification of VH genes with leader primers as
we have done has several advantages over using frame-
work region-specific primers, which has also been repor-
ted.23,24 First, the complete variable region is obtained
allowing the determination of the mutation status with
highest accuracy, as pointed out by the European Re-
search Initiative on CLL.25 Second, leader primers are
mostly family specific and amplify only a subset of pos-
sible variable gene segments, thereby lowering possible
polyclonal background signals and increasing the sensi-
tivity of the test if not excessively multiplexed. Third,
somatic hypermutation may occur less frequently in the
5� leader region26 ensuring a higher success rate when
amplifying heavily mutated cases. Studies suggest, how-
ever, that identifying CLL VH gene segments through
amplification of cDNA with leader primers shows a high
degree of concordance relative to amplification of DNA
with the BIOMED-2 framework 1 region primers.23

Figure 4. Distribution of the observed percentage of germline sequence
identity. The calculated percentages of sequence identity to the closest
matching germline sequence from 99 CLL samples were combined into bins
of 2% ranges. The number of cases falling into each bin is indicated.
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Figure 5. Detection limit by direct sequencing. Gel electrophoresis of PCR
products from serial twofold dilutions of a CLL sample into a normal sample
(see text for more details) is shown. The fold dilution is indicated on the left.
The calculated theoretical concentration of CLL cells in percent among WBC
and total B cells (B) is shown on the right. The ability to identify the expected
VH3-48 variable region with 99.7% identity to the germline sequence is
indicated in the far right column (Y or N). The gel lanes are labeled according
to the leader primer used in the PCR reaction: 1, VH1; 3, VH3; 4, VH4; C, VH2,
VH3-21, VH5, and VH6 multiplex. DNA fragment length is indicated in bp.

Table 2. Recurring CDR3 Sequences

Sample VH segment CDR3 sequence Study

D-57 VH3-21 CAVDRNGMDV
E-76 VH3-21 ..S.......
18G VH3-21 ..R....... Thorselius et al8

C-88 VH1-69 CATPGSVDIVVVPAAMSYYYYGMDV
FS41 VH1-69 ..RG.––.................. Messmer et al10

C-74 VH1-69 CARGGLYDYIWGSYRPNDAFDI
CLL-F VH1-69 ...................... Widhopf et al21

MCLL258 VH1-69 .....I...V............ Messmer et al10

D-49 VH4-34 CARGFPDTAVVRRYYYYGMDV
CLL4B VH4-34 ...AY...PM........... Messmer et al10

D-57, E-76, C-88, C-74, and C-49 are cases from this study. The references for the other cases are indicated. Identical residues are indicated by
dots, missing residues are indicated by dashes.
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Several features of our assay were introduced to spe-
cifically help facilitate performance and implementation
in a clinical lab. First, a consensus reverse primer anneal-
ing to all six JH segments was used in all reactions along
with an additional JH primer with extended homology to
four of the six segments (JH1, JH2, JH4, and JH5) to better
handle somatic mutations that could be present in the JH

segment. The annealing temperature was also kept low at
55°C to prevent PCR failure due to the presence of mu-
tations. An extra leader primer designed to be specific for
the VH3-21 gene was used. This was done because the
VH3-21 gene is mismatched at five locations relative to
the standard VH3 leader primer. In addition, we showed
that this additional primer is necessary even with our low
annealing temperature of 55°C because the standard
VH3 leader primer failed to effectively amplify any of four
VH3-21 expressing cases tested. Moreover, the VH3-21
leader primer is sufficiently different from other VH3 family
segments, so that they were not amplified with this
primer. It is interesting that the VH3-21 gene has been
identified by using the standard VH3 leader primer in
other studies of CLL cases,6,23 but, due to the primer
mismatches we have described, may be underdetected
relative to its true frequency of use. Expression of VH3-21
is particularly important to identify because cases of CLL
using this VH segment have a very poor prognosis re-
gardless if mutated or unmutated.8,9 Based on the leader
region sequences published in the National Center for
Biotechnology Information database (http://www.ncbi.nlm.
nih.gov, last accessed December 13, 2009), only minor
mismatches exist between the other standard consensus
leader primers and their respective target sequences mak-
ing more additions to the original set unnecessary. As such,
all variable gene segments should be analyzable by our
assay, which is further supported by our finding 16 cases
expected to have primer mismatches and other studies
using leader primers.6,7

The VH1, VH3, and VH4 families, which contain approxi-
mately 90% of the functional VH gene segments, were am-
plified in separate reactions with individual leader primers.
This was done to help minimize co-amplification of back-
ground non-CLL B-cells that may be present if these prim-
ers were multiplexed together, which could complicate di-
rect sequence analysis of the PCR product in some cases.
However, to help keep the number of separate reactions
more manageable, primers for the VH2, VH5, and VH6 fam-
ilies, along with the VH3-21 leader primer, were multiplexed
in a single reaction. Doing this did not interfere with our
ability to directly sequence any of the 16 PCR products
generated with this combination because these genes are
only infrequently used by normal B-cells.

For testing of clinical samples, we also ran a control
reaction with three forward FW1 primers that cover the
VH1, VH3, and VH4 families to ensure rearranged VH

genes can be identified, as well as a no template control
reaction in addition to the four leader primer reactions
described above. Running six separate reactions that we
have outlined above can be easily performed, and also
insures high initial sensitivity to minimize the necessity of
running additional follow-up or repeat reactions. Typi-
cally, only one leader primer reaction generates a pre-

dominant band that is then subjected to direct sequenc-
ing. The occasional faint bands that were also present in
some cases could not be directly sequenced indicating
they were nonclonal. However, four cases yielded two
predominant PCR bands that generated easily readable
sequence on direct sequencing, corresponding to two
different clones expressing different VH, DH, and JH gene
segments. These cases could represent examples of
bi-allelic VH gene expression and lack of allelic exclusion,
reported to occur in approximately 5% of CLL cases.27

However, we cannot exclude the possibility that one of
the two VH genes in these cases has stop codons located
in areas we did not analyze, eg, the end of the JH region.
Biclonal CLL cases, which have also been found to oc-
cur, could be an alternative possibility.28 However, the
possibility that one of the two VH genes represents a
small reactive clone is unlikely because flow cytometry
studies demonstrated that 80% of the leukocytes or 90%
of the lymphocytes were B-cells with characteristic mono-
typic CLL phenotypes without other phenotypically distinct
CD5�, CD19� B-cell populations identified. Southern blot
heavy chain analysis (not shown) further supported two of
these cases having biallelic rearrangements as the two
nongermline bands identified were of comparable intensity
for all three enzymes used.

Approximately half of our cases were mutated, with an
average mutation load close to 94%, similar to other
studies.6 It has recently been suggested that the cut-off
value of 98% germline sequence identity for discrimina-
tion between mutated and unmutated cases may not be
adequate because there may be a continuum of worsen-
ing prognoses for cases showing between 97% and
100% germline sequence identity.29 We, therefore, flag
those cases in the 97% sequence identity range as po-
tentially borderline with poorer prognosis. Some of the
few mutations observed in the 98% to 99% range may be
due to allelic differences between the patient and se-
quences in the database queried. It is, therefore, of im-
portance to use a comprehensive database of germline
VH sequences for this test. In our hands the Immuno
Genetics database returned a larger number of cases
with 100% germline sequence identity than other data-
bases, as also reported by others.30

The overrepresentation of specific gene segments
among unmutated and mutated cases we and others
have observed, in addition to recurrent CDR3 sequences
found in this and other studies, highlights the importance
of immunoglobulin mediated stimulation in the develop-
ment of CLL. However, the restricted VH gene repertoire
of CLL does not simplify clinical laboratory analysis of VH

gene segment usage and mutational status from what we
have described in this study.

In summary, we described a sensitive method for VH

gene analysis of CLL cases that can be easily implemented
in a clinical laboratory and provides important prognostic
information. Although more expensive and involved than
flow cytometric analysis of ZAP-70, flow analysis of ZAP-70
is problematic and nonstandardized, and therefore not nec-
essarily reliable or accurate.31 Moreover, the relative ease
of sequencing short PCR products in modern clinical labo-
ratories and lower cost compared with several years ago
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have removed much of the perceived necessity for using
surrogate markers of VH mutational status.
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