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Abstract

Molecular cancer diagnostics are an important clinical advance in cancer management, but new
methods are still needed. In this context, gene expression signatures obtained by microarray represent
a useful molecular diagnostic. Here, we describe novel probe-level microarray analyses that reveal
connections between mRNA processing and neoplasia in multiple tumor types, with diagnostic
potential. We now show that characteristic differences in mRNA processing, primarily in the 3'-
untranslated region, define molecular signatures that can distinguish similar tumor subtypes with
different survival characteristics, with at least 74% accuracy. Using a mouse model of B-cell
leukemia/lymphoma, we find that differences in transcript isoform abundance are likely due to both
alternative polyadenylation (APA) and differential degradation. While truncation of the 3'-UTR is
the most common observed pattern, genes with elongated transcripts were also observed, and distinct
groups of affected genes are found in related, but distinct tumor types. Genes with elongated
transcripts are overrepresented in ontology categories related to cell-cell adhesion and morphology.
Analysis of microarray data from human primary tumor samples revealed similar phenomena.
Western blot analysis of selected proteins confirms that changes in the 3'-UTR can correlate with
changes in protein expression. Our work suggests that alternative mRNA processing, particularly
APA, can be a powerful molecular biomarker with prognostic potential. Finally, these findings
provide insights into the molecular mechanisms of gene deregulation in tumorigenesis.
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Introduction

A major challenge in the clinical management of many human cancers is the early deployment
of the most efficacious treatment strategy. To make optimal clinical decisions it is essential to
accurately stratify patients according to risk and likelihood of favorable response. However,
such stratification is confounded by significant phenotypic heterogeneity in some tumor types,
often without obvious criteria for subdivision. Therefore, there is a critical need for better
molecular cancer diagnostics that strongly correlate with prognosis and therapy
responsiveness.
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Expression microarrays provide one means of measuring molecular changes that accompany
tumorigenesis, and have been used successfully to stratify tumors in a number of cancer types
(1-4). Microarray-based studies of the gene expression in cancer commonly treat all isoforms
of a gene as equivalent, and report only differences in overall, summarized transcript level.
This simplification can blind such studies to changes in the relative abundance among isoforms
that arise due to alternative processing, such as alternative splicing, polyadenylation or
transcription initiation (5-7).

Selection between transcript isoforms can be regulated either at the time of generation or
subsequently through isoform-specific degradation. Isoforms with APA sites necessarily differ
in their 3'-untranslated region (3'-UTR), a region that frequently includes regulatory elements
that mediate transcript stability, as well as translational efficiency and sub-cellular localization
(8-12). Accordingly, transcript isoforms with APA sites will respond differently to trans-acting
factors that target the differential part of the 3'-UTR.

Studies of corrupted 3'-UTR mediated regulation in cancer have commonly focused on
deregulation of transcript stability (8,13,14). MicroRNAs, which preferentially target 3'-UTRs
in metazoans, can be broadly deregulated in various cancers (15-17), and microarray expression
profiles of miRNA have been used to classify different tumor subtypes (15,18,19).

More recent reports reveal a bias towards transcripts with relatively short 3'-UTRs in
proliferating cells (6) and also in some cancer cell lines (20). We now extend these findings
through analysis of primary tumor samples drawn from a mouse leukemia/lymphoma model
system. Mice that are deficient in the nonhomologous end-joining (NHEJ) pathway of DNA
double strand break repair and the tumor suppressor p53 nearly inevitably develop progenitor
(pro) B-cell neoplasia. These mice develop highly similar tumor subtypes characterized by
distinct chromosomal rearrangements that activate either the Myc or Mycn cellular proto-
oncogene (21-25), providing us with a system to investigate mRNA processing profiles in well-
defined and highly related cancer subtypes.

We report that widespread alternative mRNA 3'-processing, identified through probe-level
analysis of microarray data, can be a common feature of tumorigenesis. Analysis of data from
three histologically indistinguishable mouse lymphoma subtypes revealed significant and
characteristic changes in mMRNA processing of several hundred genes, including genes that act
in development, metabolism, cell cycle control, and cell-to-cell contact and communication.
Our findings imply that alternative 3’ processing may directly contribute to mechanistically
important genetic deregulation in cancer. Importantly, 3’ processing signatures, defined by sets
of genes with tumor-specific processing, could correctly classify subtypes with a minimum of
74% accuracy. Interestingly, we find significant processing differences between two tumor
subtypes that share amplification of the Myc oncogene but differ in DNA repair capacity,
resulting from the underlying DSB repair defects. Extension of our analysis to microarray data
from human primary tumor samples, including breast cancer and melanoma, revealed similar
distinguishing patterns. Our results provide novel insights into molecular mechanisms of
tumorigenesis and potential new diagnostic biomarkers.

Materials/Methods

Mice, Tumors, and Cells

Double mutant (Lig4 Trp53 or Dclrelc/Art Trp53) mice with at least 95% C57BL/6J genetic
content were generated as previously described. (26-28). Tumor subtypes are classified as LPC
(Lig4, Trp53 knockout, Myc amplification), APC (Dclrelc/Art, Trp53 knockout, Myc

amplification), and APN (Dclrelc/Art, Trp53 knockout, Mycn amplification). All animal work
was carried out in accordance with IACUC approved protocols. Standard techniques were used
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for flow cytometry, histopathology, and tissue generation for microarrays. Detailed
descriptions are available in Supplemental methods.

Identification of genome wide alternative processing of genes

Standard protocols for the Affymetrix GeneChip Mouse Genome 430 version 2.0 were
followed to isolate RNA and generate all microarray data. Microarray data from 11 APC, 6
APN, 6 LPC and 4 mature B-cell samples were respectively compared to that from 2 normal
pro-B-cell samples to determine differential processing of genes using the Rmodel algorithm
(29). The array data can be accessed in GEO via accession # GSE15808.

The Rmodel algorithm (29) identifies segmentation points in the probeset for a given gene
when comparing the expression in two samples. Analyzed genes were restricted to those
classified as expressed in at least two samples by the MAS5 algorithm (o = 0.05) (30). The
specific signature of interest is a segmentation where the sample-to-sample ratio of
hybridization signal differs on either side of the segmentation point. All possible segmentation
points were tested, comparing the intensity ratios of the three probes immediately upstream
and downstream of the putative segmentation point using a modified t-test. Log?2 ratios were
calculated for each test array (tumor or mature B-cells) compared to the average of two pro-
B-cell arrays. Segmentation points were called for comparisons with t-value >= 6.0 and log2-
ratio difference (rdiff) greater than 1.5. Segmentations are classified as truncations when the
downstream (3') probes show decrease in signal relative to the upstream (5') probes, and
elongations for the converse. False discovery rate (FDR) for these thresholds was estimated
as 0.05 based on a permutation analysis (Supplemental Methods).

The standard protocols for Affymetrix 430v2 microarray hybridization include an oligo-dT
priming, and its microarray probes were accordingly designed with a significant positioning
bias towards the 3'-end of most genes. This bias, combined with the general absence of introns
inthe 3'-UTR, makes alternate polyadenylation the most likely event to be detected. Our studies
show that at least 70% of the genes that contain any processing sites have only one segmentation
point (Supplemental Table S1).

Determining cell-type specific signatures

To determine the genes and segmentations best able to distinguish among the samples, rdiff
was calculated for each possible segmentation point, and the ensemble of such differences was
compared between all pairs of tumor types with a modified t-test. Thresholds for inclusion in
the signature sets were determined empirically for best performance in the cross-validation
(below) as |t| > 5.0 and |Ardiff| > 0.75. Thresholds for human cancer heatmaps were also
determined empirically as |t| > 6.0, |Ardiff| > 2 for the melanoma set and |t| > 5.0, |Ardiff| > 1
for the breast cancer set. Further details are available in Supplemental Methods. The heatmap
was generated using JMP statistical software (http://www.jmp.com/), and bootstrap p-values
for the clustering were generated with R (http://www.R-project.com/) using the pvclust
package (31).

Cross validation analysis

An internal cross-validation analysis was performed to distinguish lymphoma subtypes from
one another, repeatedly and systematically using all but one of the 11 APC, 6 APN and 6 LPC
samples to generate a signature set (described above) and then testing the excluded APC, APN,
and LPC sample with the signature set. Ratio differences were calculated at each segmentation
point in the signature set for each of the three test samples. Treating the ratio differences as a
multi-dimensional coordinate system, a Euclidean distance metric was used to classify the test
samples as the closest training sample (APC, APN or LPC). In this manner, each APC sample
was tested 36 times, while each LPC or APN sample was tested 66 times. A final count of
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success or failure in prediction of lymphoma subtype was calculated to determine the
percentage of accurate predictions for each subtype of lymphoma.

Extending the analysis to human samples

Results

Microarray data from human samples were selected from GEO for similar analysis. Samples
were selected from those using the 3'-end-targeted Affymetrix HU133 Plus version 2
microarray. Analyzed samples were restricted to those with multiple biological replicates of
similar tumor types drawn from primary tumors rather than cell-lines, and with the exception
of the Cisplatin-resistant cell line study (GSE15709), were required to include at least one type
of control normal tissue sample.

p53/NHEJ-deficient mice develop lymphomas with distinct survival outcomes

Mice lacking p53 and the core NHEJ factor DNA Ligase IV (Lig4) develop pro-B-cell
lymphomas with frequent genomic amplification of Myc (LPC). Mice lacking p53 and the
accessory NHEJ factor Artemis (Art/Dclrelc) develop lymphomas with either Myc or Mycn
amplification (APC or APN, respectively). LPC, APC and APN lymphomas are associated
with significantly different survival profiles (Figure 1A), yet the tumors are histologically
(Figure 1B) and immunophenotypically (Figure 1C) indistinguishable. LPC mice showed the
shortest overall survival profile, with a median survival of approximately 6.6 weeks, and a
maximum of 10 weeks. The APC cohort showed significantly longer overall survival, with
median survival ~9.5 weeks and maximum 13 weeks. APN mice exhibited the longest overall
survival with median survival ~13 weeks and maximum 20 weeks.

Pro-B-cell lymphomas exhibit genome wide changes in mRNA processing

To analyze mRNA processing in the mouse pro-B cell lymphomas Affymetrix Mouse Genome
430 Version 2 (430v2) microarrays were prepared for each of the three subtypes of lymphomas.
The samples included of 6 LPC, 11 APC, and 6 APN lymphomas, as well as 2 normal pro-B-
cell samples and 4 normal mature B-cell samples. MAANOVA (32) analysis between the
subtypes of lymphomas revealed inconsistent numbers of probesets with significant differential
expression (Supplemental Table S2), but did not provide simple interpretation or
differentiation. By contrast, a novel probe-level analysis revealed significant differences in
individual mRNA isoforms in tumors versus control samples, and between tumor sub-types.
All tumor samples, as well as mature B-cell controls, were compared to the normal pro-B-cells,
and accordingly all reported changes in processing are relative to the processing in pro-B-cells.
This analysis was limited to ~13,000 genes that were identified as expressed in at least one of
the samples (MAS 5.0, « = 0.05, (30)). By this approach, we observed alternative mRNA
processing in 841, 840, 811, and 842 genes, respectively, in LPC, APC, APN and mature B-
cell samples (FDR = 0.05).

To further validate the 3'UTR processing changes observed by microarray analysis, we focused
additional analyses on two genes that show clear evidence of alternative processing: Ubiquitin
conjugating enzyme 2A (Ube2a), which provides an example of a gene with relative loss of
signal in an extended 3'-UTR; and phosphoinositide-3-kinase adaptor protein 1 (Pik3ap1)
which provides the counterexample of a gene with relative gain of signal in an extended 3'-
UTR (Figure 2A-B). Ube2a, whose protein product catalyzes the covalent attachment of
ubiquitin and is required for post replication repair of ultraviolet damaged DNA (33), has two
transcript isoforms with APA sites (Figure 2A) with no change in protein isoforms. The 430v2
microarray has 15 probes targeting Ube2a, including probes that measure both isoforms
(probes 1-6) or only the extended isoform (probes 7-15). All lymphoma subtypes show a
common segmentation point between probes 6 and 7, which flank the proximal polyadenylation

Cancer Res. Author manuscript; available in PMC 2010 December 15.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Singh et al.

Page 5

site (Figure 2A). Probes 1-6 indicate only a slight reduction in signal in the lymphoma samples
compared to the pro-B-cell. Probes 7-15 imply ~3-fold reduction of signal in the extended 3'-
UTR in the lymphoma samples. In contrast, comparison of mature B-cells and pro-B-cells
reveals loss of signal at all probes with no segmentation point (green boxplot in Figure 2A),
implying uniform degradation of both transcripts during normal B-cell maturation. Pik3ap1 is
noteworthy in that the processing changes are not the same in all lymphoma subtypes. Only
Art deficient mice (APC and APN, red and blue boxplots in Figure 2B) exhibit the segmentation
point in Pik3apl. LPC samples show a uniform decrease in signal across all probes (grey),
while mature B-cells show essentially no change in signal at all probes (green).

The relative gain or loss of the extended 3'-UTR of 6 genes (Ube2a, Cstf3, Serbpl, Sfrs7,
Pik3apl, and Sf3b1) was independently verified via quantitative RT-PCR (Supplemental
Figure S1 and Supplemental Tables S3-S4). Transcripts for testing were chosen as a mixture
of truncation and elongation as well as common and disparate between samples. Consistent
with previous studies (6, 20), all tumor samples, as well as mature B-cells, showed more
truncation than elongation of the 3'-UTR (Figure 3).

Gene Ontology (GO (34)) analysis of the specific genes targeted for alternative processing
during tumorigenesis was performed with GOStat (35). Given the potentially different fates of
transcripts with elongated and truncated 3'-UTR, separate lists were generated and tested for
each. The truncated genes produced more significant results and were dominated by terms
related to regulation and metabolism for all tumor types, as well as mature B-cells
(Supplemental Table S5). In contrast, the genes with elongated transcripts in tumor samples
included significant overrepresentation of processes related to cell-to-cell adhesion and
structural formation (Supplemental Table S6). As a further test, we identified all genes with
either a single elongation or truncation in at least two of the tumors, but not in the mature B-
cells. The GOstat analysis (Supplemental Tables S7 and S8), confirmed the overrepresentation
of adhesion and morphogenesis in elongated genes and regulation and metabolism in truncated
genes.

Alteration of the 3-UTR can be correlated with change in protein expression

To evaluate whether alterations in 3'-processing affected translation, protein products of
Ube2a and CstF3 were measured by Western blot. UBE2A protein levels were assessed in
lymphomas and mature B-cells, compared to normal pro-B-cells. The microarray analysis
(Figure 2A) indicated nearly equivalent expression of the coding region of the Ube2a transcript,
but a significant reduction the 3'-extended isoform, in tumors. Western blot analysis revealed
elevated UBE2A protein levels in nearly all lymphoma samples (Figure 4A), but significant
reduction in expression in mature B-cells. These results suggest that the difference in UBE2A
protein expression is due to the loss of regulatory elements in the extended 3'-UTR. Indeed,
examination of the extended 3'-UTR revealed putative miRNA targets as well as potential AU-
rich elements (36) (Supplemental Figure S2).

Similar analysis was performed for the RNA-processing gene CstF3, a target chosen for its
regulatory role in APA, including a negative feedback loop controlling selection of its own 3'-
processing site (37-39). Excess CSTF3 protein expression favors production of a truncated
transcript isoform that does not produce functional CSTF3. Probe-level analysis indicated
increased use of the truncated isoform in all lymphoma samples and mature B-cells (Figure
2C), which could potentially result from increased CSTF3 protein. Consistent with this
prediction, western analysis confirmed that CSTF3 protein expression was increased in eight
of ten lymphoma samples compared to pro-B-cells (Figure 4B). This likely indicates aberrant
regulation of CSTF3, since the truncated transcripts in mature B-cells are associated with
reduced protein levels. Such B-cell specific APA is consistent with previous findings, e.g., as
mediated by changes in CSTF2 expression (40).
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Differentially expressed isoforms in lymphoma can bear evidence of MicroRNA-based gene

regulation

If the changes in isoform distribution are due to differential stability mediated by 3'-UTR
regulatory elements, then a common pattern (or group of patterns) should be present within
the portion of transcripts that differ between isoforms. To test this, sequences from genes were
grouped in sets based on whether or not the hybridization signal in the extended isoform was
relatively increased (“differentially included sequence” or DIS) or decreased (differentially
excluded sequence” or DES) compared to the short isoform. Since miRNAs typically target
3'-UTRs, we searched for patterns in the DES and DIS that could be associated with known
miRNAs, specifically assessing differential abundance of hexamers and subsequently
intersecting significantly differential hexamers with seed regions of known miRNAs.

As in previous work (6), results were dominated by the difference in sequence length, as the
DES are on average 50% longer than DIS sequences (data not shown). Several hexamers that
match miRNA seeds with known deregulation in myeloid neoplasia are significantly
overrepresented in the DES compared to the DIS (Supplemental Table S9). For example,
CUGUUG, which matches the seed region of miR-421 (known to be upregulated in DLBCL
(41)), occurs significantly more frequently in DES than DIS in LPC lymphomas, a result
consistent with increased expression of miR-421 that results in destabilization of long isoforms
of genes that include a miR-421 binding site in the extended 3'-UTR.

Specific differentially processed sets of genes can distinguish between tumor types

Since segmentations can vary between lymphoma subtypes (e.g., Pik3apl), all genes and
putative segmentations were examined in all lymphomas and in mature B-cells. A heatmap
representation of genes with differential processing between lymphoma subtypes (Figure 5A)
reveals the distinct patterns. An internal cross-validation analysis was implemented to test the
diagnostic capacity of the observed mMRNA processing, repeatedly splitting the microarray data
into two sets, one for model training and one for subsequent testing. Using training set sizes
of 10 APC, 5 APN and 5 LPC samples, the excluded LPC, APC, and APN samples were
correctly assigned at rates of 100%, 92% and 74%, respectively. Inspection of the prediction
errors, limited to the two Art-knockout mice, revealed that a small number of samples that were
repeatedly incorrectly predicted, suggesting the possibility of heterogeneity within the tumor
classes (Supplemental Tables S10-S11). GOstat analysis of the genes whose transcripts were
identified as differentially processing among the tumor types showed categories related to cell
cycle, protein processing, and DNA repair (Supplemental Table S12).

To show the broader applicability of our findings, we analyzed publicly available (42)
microarray data from several human cancer samples, including melanoma (Figure 5B, GEO
Accession GSE7553 (43)) and breast cancer (Figure 5C, GEO Accession GSE7904). In each
case, a supervised clustering revealed distinct, reproducible patterns among the subtypes of
tumor. GOStat analyses of the differential genes revealed significantly overrepresented
categories, including structural development, cell adhesion, and gene regulation in the
melanoma set (Supplemental Table S13), and structural development, protein kinase activity,
gene regulation, and cell differentiation in the breast cancer set (Supplemental Table S14). We
intersected the GO categories identified as overrepresented (p < 0.001) in all three differential
sets, and found twenty-two common terms (Supplemental Table S15), including multiple
categories related to early development, vasculature, and regulatory processes.

We also obtained and analyzed replicate microarrays drawn from cell cultures generated from
human ovarian cancer that are either sensitive or resistant to the chemotherapeutical agent
cisplatin (GEO Accession GSE15709 (44)). The analysis revealed 158 genes with evidence of
MRNA processing differences (Supplemental Table S16), including 77 truncations and 81
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elongations in the comparison of resistant to sensitive cells. Indentified genes included several
with known cancer phenotypes, e.g., Mybl1, Pdgfc, and Cdkn2c). GOstat analysis of the
complete set (Supplemental Table S17) showed overrepresentation of development, regulation,
and structural development categories. Intriguingly, separate analyses of truncated
(Supplemental Table S18) and elongated (Supplemental Table S19) genes showed that
elongated genes have significant overrepresented of multiple categories related to negative
regulation of cellular and metabolic processes.

Discussion

Working with data from primary tumor tissues, we have shown that alterations in post-
transcriptional mMRNA processing are a significant component of transcriptional deregulation
in multiple cancer types. We provide evidence that aberrations in post-transcriptional
processing can exert systemic changes in key cancer-related pathways, suggesting that changes
to post-transcriptional mMRNA processing are likely to be major oncogenic events that
contribute to the overall tumor phenotype. In this context, our data suggests that 3’ processing
profiles could be exploited for cancer diagnosis. Indeed, consistent with this notion, we find
that differences in mRNA processing, and specifically alteration of the 3’-end of the transcripts,
have diagnostic capacity in discerning between closely related subtypes of tumors. Further
study will determine if individual, misprocessed genes might represent therapeutic targets.

Consistent with other recent studies (6,20), our analysis of APA sites in a common terminal
exon, as well as similar analysis of genes without evidence of alternative processing
(Supplemental Figure S10), reveal clear evidence that these primary tumors are biased towards
truncated terminal 3-UTRs. However, genes whose transcripts showed elongation in B-cell
lymphomas significant overrepresentation of GO categories related to cell-to-cell adhesion,
and structural morphogenesis and development. Similarly, analysis of the genes with elongated
transcripts in cisplatin-resistant ovarian cancer cell lines, revealed overrepresentation of genes
related to structural development and negative regulation of metabolism. Under the growing
model that extended 3'-UTRs reduce stability and/or translation (6,10,20), our results suggest
that while truncation is more prevalent, elongation of selected messages can also enhance
tumorigenesis.

The observed changes in the 3'-terminal portion of transcripts could arise through at least three
distinct mechanisms that would give identical or nearly identical microarray signatures. (1)
changes in selection among APA sites; (2) differences in transcript stability that are mediated
by sequences that are included or excluded based on polyA site selection; and (3) transcription
initiation within the 3'-UTR (45). Our analysis supports roles for each of the first two effects,
and does not eliminate the third. Our results strongly support a role for systematic alteration
of polyA site selection in all classes of lymphoma compared to either progenitor or mature B-
cells. CSTF3 protein is expressed at significantly higher levels in tumors (Figure 4) than in
either stage of B-cell. Changes in transcript expression, either in processing or abundance is
also apparent for several other 3'-processing factors (Supplemental Figures S8 and S9),
including the apparent loss of normal B-cell processing changes in Cpsf2 and Pcf11 transcripts.
Taken together, these data support a model with changes in the absolute expression and
stoichiometry of 3'-processing factors distinct from those observed in the comparison of mature
B-cells and pro-B-cells (40,46), likely leading to changes in polyA site selection.
Overrepresentation of putative miRNA target sites in the extended 3’-UTRs of up- or
downregulated isoforms supports a role for changes in stability based on miRNA activity. The
correlation of the abundance of putative miRNA binding sites with known activity in human
B-cell lymphomas lends further support to this model. Critically, regardless of exactly which
mechanism is responsible, all sources of the processing change reflect a change in regulatory
activity of the cell.
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Previous analyses of tumorigenesis have frequently focused on the roles of specific oncogenes
such as Myc. Because the lymphomas occurring in APC and LPC mice share a common
amplified oncogene (Myc), it is likely that the phenotypic differences between LPC and APC
tumors — processing profiles and survival — are attributable to the differences in the underlying
NHEJ deficiencies. Our findings suggest a model in which 3'-processing changes are linked,
either directly or indirectly, to unrepaired DNA double strand breaks. This would provide a
mechanistic connection between genotoxic stress load and large-scale changes in gene
expression programs, and could suggest a novel mode of genetic deregulation in cancer
development. Direct connection between mRNA polyadenylation and UV-induced DNA
damage or replication stress has been reported (47-50). BARD1 (BRCA1-associated ring
domain 1) protein, which forms a complex with BRCAL, interacts with CSTF1 to inhibit
erroneous and potentially deleterious polyadenylation at UV-damaged DNA loci (48). We
propose that an analogous DNA damage response mechanism connects DSBs to 3'-processing
machinery, and that this response elicits altered 3" processing profiles under persistent DNA
damage in tumors.

Patients with the same gross cancer diagnosis often respond dramatically differently to the
same treatment regimen, a likely consequence of both individual genetic variation and tumor-
specific properties. Analysis of three groups of related but distinct mouse tumor types
universally revealed that the pattern of genes with alternative mRNA processing was different
between even seemingly closely related, but clinically distinct, tumor subtypes. The groups of
common and disparate genes among the different tumors should provide novel insights into
the molecular basis for their different outcomes, while also providing new biomarkers with
diagnostic capability.

Our preliminary studies of two ovarian cancer cell lines that differ in resistance to cisplatin
suggest that analysis of 3’ transcript processing may also have translational applicability. Our
analysis revealed 158 genes with evidence of differences in mRNA processing between the
samples, including multiple genes with known roles in tumor generation and metastasis. This
suggests that 3’ processing signatures might provide predictive biomarkers for specific
treatment responsiveness in some cancers.

Precise characterization of tumorigenic molecular anomalies will not only permit the design
of highly specific therapeutics that have fewer widespread side effects, but will also allow
customization of treatment regimens specifically tailored to individual patients' particular
needs. The studies presented here represent a novel and general means of assessing the
molecular changes that can distinguish tumors that are otherwise indistinguishable.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Histologically similar Pro-B-cell lymphoma subtypes are distinguishable only by survival
(A) Kaplan-Meier survival analysis of APN (red), APC (blue), and LPC (gray) mice. Shown
is percent surviving versus age in weeks. * p=6.96x10°, ** p=1.95x10- (B) Flow cytometric
analysis of normal bone marrow (BM), and APC, APN, or LPC lymphomas, using cells stained
for the pan-B cell marker B220, and the developmental marker IgM. Percentages of B220+
IgM- (single positive) and B220+ IgM+ (double positive) cells are indicated in the
corresponding quadrants. (C) Histological analysis of APC, APN, and LPC lymphomas.
Hematoxylin and esosin (H&E) stained sections were imaged at 2.5x (upper panels) or 40x
magnification (inset and lower panels). Scale bar = 400 x 10-m
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Figure 2. Probe-level analysis of microarray expression data reveals non-uniform changes in

expression within genes

All plots shows base-2 logarithms of the ratio of normalized, background-corrected
hybridization signal at each individual probe. Boxplots represent the observed values for 6
APN (gray), 11 APC (red), 6 LPC (blue), and 4 mature B-cell (green) measurements, each
compared with 2 wildtype progenitor B-cell replicates. Positions of the probes along each gene
are shown at the top of each plot. The ratio difference is the difference between the average
base-2 logarithm expression change ratio on either side of the segmentation point. (A)
Ube2a displays preferential loss of signal in the 3'-terminal portion of the transcript in all
lymphoma subtypes, but uniform degradation in mature B-cells. (B) Pik3ap1 displays
preferential loss of signal in the proximal 3'-UTR in APC and APN, uniform degradation in
LPC, and no change in mature B-cells. (C) Cstf3 displays preferential gain in a truncated, non-
translated transcript, potentially indicative of a feedback loop (37,38). The Csft3 transcript is
truncated in APN, APC, LPC and mature B-cells. The long and short isoforms are shown in

blue.
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Figure 3. Systematic changes in processing within the 3’-UTR imply trend toward net truncation
of the 3’-UTR for all four samples

The plot shows the count of genes with relative loss (truncation, e.g., Ube2a) or gain
(elongation, e.g., Pik3apl) of hybridization signal in the distal 3'-UTR compared to the
proximal 3'-UTR, with analysis limited to genes with one significant processing event.
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Figure 4. Western blot analysis of UBE2A and CSTF3 protein reveals increased expression in

lymphoma samples

(A) UBE2A protein abundance is increased in lymphoma cells compared to progenitor B-cells,
in contrast to portion of the transcript containing the CDS (Figure 2a), suggesting the presence
of a translation suppressing element in the extended 3'-UTR. (B) CSTF3 protein expression is
increased in eight of 10 lymphoma samples, but significantly decreased in mature B-cells. Bar
plots at right summarize the tumor types with bars showing the standard error.
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Figure 5. Characteristic signatures of alternative processing

Blue and red indicate relative loss (e.g., Ube2a) or gain (e.g., Pik3ap1), of signal in downstream
probes, respectively, and the intensity of the color reflects the ratio difference (Figure 2). Each
column represents a single gene and segmentation point; each row represents the analysis of
an individual microarray averaged over comparison with control microarrays. In this
supervised clustering, genes were selected as those that best differentiated between samples.
Bootstrapping probabilities are shown for selected clusters. Complete bootstrap results are
available in Supplemental Figures S5-S7. (A) Mouse pro-B-cell lymphoma samples. Control
samples were wildtype progenitor B-cells. (B) Human melanoma (GSE7553), including basal
cell carcinoma (BCC), squamous cell carcinoma (SCC), primary melanoma (PM), and
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metastatic melanoma (MM) (43). Control samples were normal human skin. (C) Human

breast cancer (GSE7904), including sporadic basal-like cancers (BLC), BRCAZlassociated
cancers (BRCA1), and non BLC tumors (NBLC). Controls were normal human breast tissue.
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