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associated with primary tumors located in the rectum
when compared to patients without the SCNA (p =
3.07E−04; chi-square test) (Fig. 1b).

We had access to the corresponding primary tumor in
9 of 14 patients with the amplification. Copy number
analyses of the corresponding FFPE tumor tissue

Fig. 1 Identification of the 13q amplicon and establishment as a late event in CRC. a Recurrent focal events from our patient cohort with a
frequency higher than 5%. Potential driver genes were identified according to a machine learning-based method for driver gene prediction [46].
The difference in these 3 recurrent focal events between our cohort and the TCGA cohort was analyzed using the chi-squared test. b The TCGA
cohort was separated into 2 groups, i.e., balanced and aberrant (including gain and amplification cases). Bar charts illustrate 4 clinical features, i.e.,
tumor stage, distant metastasis, lymph node metastasis, and tumor location, which showed significant differences between these 2 groups. p
values were calculated using the chi-squared test. c, d Plots illustrating the log2 ratio changes on chromosome 13. In C240, C118, and C79, focal
amplification of chr13q12.2 was not identified in the primary tumor (PT) but found in the plasma (ctDNA) at a later stage. In C216, chr13q12.2
amplification was detected when the patient status was categorized as progressive disease. Copy number gains are shown in red and balanced
regions in green. Tumor fraction (TF) of every sample was calculated using ichorCNA [43]. (SD, stable disease; PD, progressive disease)
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samples revealed that a focal amplification was already
present in the primary tumor tissue in 4 patients (C123,
C109, C178, and C74), whereas in 5 patients (C240,
C118, C79, C206, and C166), this focal amplification was
acquired at a later time point (Table 1, Fig. 1c, Add-
itional file 2: Figure S1B and S2). In 3 patients with an
undetected amplification in the primary tumor tissue
(C240, C118, C79), the 13q12.13-q12.3 focal amplifica-
tion appeared in 1 of the plasma DNA analyses after
metastases were detected or the patient developed pro-
gressive disease (Table 1, Fig. 1c, Additional file 2: Figure
S1B and S2). Furthermore, in 1 additional patient
(C216), from whom an FFPE sample was not accessible,
the amplification was not present in the first plasma
sample but rather acquired after the patient exhibited
progressive disease (Fig. 1d, Additional file 2: Figure S2).
In 2 patients (C74, C123) with a detected gain in the pri-
mary tumor tissue, the copy number of the 13q12.13-
q12.3 amplification increased in relation to the tumor
fraction once metastases were acquired or progressive
disease was exhibited (Table 1, Additional file 2: Figure
S1B and S2), an observation additionally confirmed by
dPCR.

The oncogeneFLT3 is not associated with proliferation of
CRC cells
The aforementioned data suggested that the 13q12.2
amplicon is associated with late-stage and progressive
disease. In order to identify the potential driver in the
amplicon, we first determined the minimal overlapping
range of all the focal events in our patient cohort (Add-
itional file 2: Figure S3A). For further confirmation, we
applied the same method to the TCGA dataset and iden-
tified a broad and a focal peak, which were comparable
with the GISTIC analysis result (Additional file 2: Figure
S3A; further details of this region definition in the
“Methods” section). In total, seven genes (POLR1D,
GSX1, PDX1, ATP5EP2, CDX2, PRHOXNB, and FLT3)
were completely located within the broad peak for all
three analyses (Additional file 2: Figure S3A).
Since FLT3 is a well-known driver gene in hematological

malignancies that can be targeted by the drug sorafenib
[47], FLT3 was considered to be a reasonable driver candi-
date. In order to understand the potential oncogenic role
of FLT3 in CRC, we investigated whether the FLT3 gene
amplification correlated with gene expression in the
TCGA and the CCLE CRC cell line datasets, respectively.
However, consistent with a previous report, we did not
observe a correlation between mRNA expression and copy
number of FLT3 (Fig. 2a, b) [48]. To confirm this observa-
tion in vitro, we generated a CRC cell line stably express-
ing FLT3. As expected, overexpression of FLT3 in OXCO-
2 cells did not lead to a significant change in cell prolifera-
tion (Fig. 2c, p > 0.05; t test).

Identification of POLR1D as a potential driver gene in
13q12.2
As the abovementioned results suggested that FLT3 may
not function as a driver gene in CRC, we investigated
the other five candidate genes (pseudogene ATP5EP2
was excluded) located in the overlapping broad peak re-
gions as well as the first immediate upstream and down-
stream genes, LNX2 and PAN3, respectively.
In five of these genes, including LNX2, POLR1D, CDX2,

PDX1, and PAN3, a positive correlation between copy
number and mRNA expression could be demonstrated
using the publicly available datasets from the TCGA and
the CCLE databases (Fig. 3a, b; Additional file 2: Figure
S3B and C). To further characterize a potential involve-
ment of these genes in vitro, we induced a transient
siRNA knockdown of these five genes in the two CRC cell
lines HT29 and SW480, where 13q12.2 is overrepresented
either due to a focal amplification (HT29) or gain of the
entire chromosome 13 (SW480) (Additional file 2: Figure
S2) and where these genes are expressed. Intriguingly,
only silencing of POLR1D but not of the other genes dem-
onstrated a significant reduction (1.3–1.6-fold) in cell
viability in both the HT29 and SW480 cell line culture
systems (Fig. 3c–e, Additional file 2: Figure S4A). These
results suggest that POLR1D may have functional implica-
tions for CRC cell proliferation. POLR1D is a subunit of
both RNA polymerases I and III. RNA polymerase I is in-
volved in the production of 18S, 5.8S, and 28S rRNAs,
while RNA polymerase III synthesizes small RNAs [50].
Despite a recent report describing the frequent overex-
pression of POLR1D in CRC [51], a role of POLR1D in
cancer has not otherwise been thoroughly described in the
literature.

POLR1D affects expression of VEGFA and EREG
We sought to elucidate the underlying oncogenic mecha-
nisms of POLR1D using RNA-seq analysis. In addition to
POLR1D, which showed an approximate 2-fold reduction
in expression in the silenced cells, we detected 44 differen-
tially expressed genes in both the HT29-POLR1D-silenced
and SW480-POLR1D-silenced cell lines compared to the
controls.
Moreover, a similar expression change of 8 of these 45

total genes including POLR1D (i.e. PPP1R15A, MOSPD2,
FAM84B, GARS, POLR1D, KIF21B, VEGFA, and EREG)
was also observed in the TCGA cases with a 13q12
SCNA (Fig. 3f, g, Additional file 2: Figure S4B, Add-
itional file 3: Table S1). All 45 genes demonstrated an
upregulation in expression in patients harboring the
13q12 SCNA compared to patients with a balanced
13q12 region (Additional file 3: Table S1).
Of particular relevance appeared to be the POLR1D-

associated upregulation of VEGFA and EREG. VEGFA
encodes vascular endothelial growth factor A (VEGFA),
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which is an important regulator of angiogenesis in the
PDGF/VEGF growth factor family and which plays a role
in the development and progression of CRC [52]. The
anti-VEGF monoclonal antibody bevacizumab (Avastin)
was approved by the US Food and Drug Administration
(FDA) for the treatment of advanced CRC [53] and is a
recombinant humanized IgG1 antibody against all iso-
forms of VEGFA. Anti-VEGF treatment may induce the
expression of VEGFA, which, in turn, is involved in the
resistance to anti-VEGF treatment [54, 55]. EREG en-
codes epiregulin, which is a member of the epidermal
growth factor (EGF) family. Epiregulin is a ligand of the
epidermal growth factor receptor (EGFR) and the struc-
turally related erb-b2 receptor tyrosine kinase 4 (ERBB4)
[56]. Epiregulin promotes the progression of various
cancers [57, 58].

Nucleosome positioning mapping to infer POLR1D
expression in plasma
Previously, we had shown that serial monitoring of
tumor genomes by plasma DNA analyses may reveal
focal amplifications as a mechanism of resistance to

administered therapies in CRC [36] and in prostate can-
cer [35]. As we reasoned that due to the higher expres-
sion of VEGFA, tumors with a 13q12.2 amplification
might be more resistant to anti-VEGF treatment, we im-
plemented this serial monitoring concept here and in-
vestigated longitudinal plasma samples from two
patients, i.e., C216 and C129, where we observed the
emergence of the 13q12.2 amplicon under anti-VEGF
treatment as described in detail below.
However, the observation of a novel amplification does

not allow the conclusion that the genes located within
the amplified region are actually expressed. cfDNA con-
sists predominantly of nucleosome-protected DNA shed
into the bloodstream by cells undergoing apoptosis [11,
59]. Transcription start sites (TSSs) harbor distinct
nucleosome footprints, which differ for expressed and si-
lent genes (Fig. 3h) [49]. Recently, we showed that after
high-coverage whole-genome sequencing of plasma
DNA, these TSS-nucleosome occupancy patterns can be
leveraged to infer which cancer driver genes in regions
with somatic copy number gains are expressed with high
accuracy [38]. Hence, we selected for each of these two
patient cases one plasma sample (C129-8 and C216-12),

Fig. 2 Exclusion of FLT3as a driver gene. a Box plot showing no significant correlation between FLT3gene copy number and FLT3 mRNA
expression (log10 (normalized RSEM value + 1)) in the TCGA cohort. Control/matched normal tissue, n = 51; Balanced, n = 196; Gain, n = 129;
Amplification, n = 46. b The scatter plot illustrates no correlation in FLT3copy number and FLT3 mRNA expression (log2 (TPM + 1)) in 58 CRC cell
lines (R= − 0.41, p= 0.0016; Pearson). The red line represents the noise threshold (TPM = 1). c Colony formation assay showing significant
overexpression of FLT3 in OXCO-2 cells (p= 0.03433; t test) but no significant changes in proliferation (p = 0.1866; t test)
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Fig. 3 (See legend on next page.)
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which both had the focal amplification on 13q12.2, and
generated whole-genome libraries with 200 million reads
(5× coverage) to conduct our previously described TSS
profiling analyses [38].
These analyses predicted expression of POLR1D in

both plasma samples along with the other four genes
(LNX2, CDX2, PDX1, and PAN3) for which we had
established a positive correlation between copy number
and mRNA expression (Fig. 3h). In contrast, FLT3 was
classified as unexpressed in C216-12 and inconclusive in
C129-8 (Fig. 3h). Hence, the gene expression inference
from our nucleosome positioning mapping approach
suggested that our observations from the cell culture
systems are applicable to these clinical cases and, fur-
thermore, that FLT3 is indeed not the cancer driver gene
within this amplicon in CRC.

The emergence ofPOLR1D amplification correlates with
resistance to bevacizumab
In patient C216, who had been undergoing anti-VEGF
treatment for 9 months, we detected the emergence of
the 13q12.2 amplification which correlated with the de-
velopment of progressive disease and resistance to beva-
cizumab, i.e., increase in blood CEA and CA19-9 tumor
markers and increase in lesion size of liver metastases, as
observed in the CT scan (Fig. 4; Additional file 3: Table
S2; Additional file 2: Figure S5). Digital PCR was used
on all serial samples to confirm the emergence of
POLR1D under anti-VEGF therapy (Fig. 4b).
In patient C129, we noted a 13q12.2 amplification in

the first plasma sample, which disappeared after anti-
EGFR treatment. According to the blood CEA values
and CT scan, the tumor acquired resistance to anti-
EGFR treatment within 9 months and plasma-Seq re-
vealed a novel focal amplification on 17q12, including

ERBB2, which represents an established mechanism of
resistance to anti-EGFR therapy (Fig. 5; Additional file 3:
Table S2; Additional file 2: Figure S6) [36, 60–62]. After
switching to anti-VEGF treatment for 5 months, the
amplification in 13q12.2 appeared again, along with an
increase in CEA level and the size of the lung metastasis
region (Fig. 5; Additional file 3: Table S2; Additional file 2:
Figure S6). In order to confirm this apparent clonal
switch between POLR1D and ERBB2, digital PCR was
performed to validate copy number amplification in all
involved samples (Fig. 5b). These cases suggest that
amplification of 13q12.2 along with increased expression
of POLR1D and subsequent increased expression of
VEGFA may contribute to anti-VEGF treatment
resistance.
In summary, our results suggest that POLR1D may act

as a potential driver gene in the 13q12.2 amplification
and may affect cancer progression by increasing the
expression of VEGFA and EREG. Because of the higher
expression of VEGFA, amplification of 13q12.2 may be
involved in the acquired resistance of anti-VEGF
treatment.

Discussion
The identification of predictive biomarkers is necessary
for the implementation of individualized tumor treat-
ment in patients with cancer. Establishment of such bio-
markers would allow the stratification of patients into
appropriate treatment groups and help facilitate a transi-
tion from a one-size-fits-all approach to that of precision
medicine. Although a considerable number of patients
with mCRC will experience progression and eventually
exhaust standard therapies approved for CRC, many of
these patients remain candidates for further treatment
strategies if they demonstrate an adequate performance

(See figure on previous page.)
Fig. 3 Expression analyses for identification of the potential driver gene in the 13q12.2 amplicon. a Box plots showing significant positive
correlation between gene copy number and mRNA expression (log10 (normalized RSEM value + 1)) in 5 genes (i.e., LNX2, POLR1D, CDX2, PDX1,
and PAN3) in the TCGA cohort. Control/matched normal tissue, n = 51; Balanced, n = 196; Gain, n = 129; Amplification, n = 46. b Scatter plots
illustrating positive correlation in gene copy number and mRNA expression (log2 (TPM + 1)) in 5 genes (i.e., LNX2, POLR1D, CDX2, PDX1, and PAN3)
in 58 CRC cell lines. Rvalues and p values were calculated using Pearson’s correlation test. The red line represents the noise threshold (TPM = 1). c
The bar chart illustrates cell viability changes after knockdown of 5 genes (i.e., CDX2, LNX2, PAN3, PDX1, and POLR1D) in 2 CRC cell lines (i.e., HT29
and SW480). Silencing of POLR1Din both cell lines showed reduction in cell viability over 15%. p values calculated by t test are shown above the
bar. d Silencing of POLR1Dwith 3 different siRNA constructs. RT-PCR showing that silencing provided sufficient knockdown of POLR1D expression
in both cell lines. e Cell viability time curve illustrating significant reduction of cell viability after knockdown of POLR1D expression in HT29 and
SW480 cells (*p< 0.1; **p< 0.05; ***p< 0.01; t test). f Box plot illustrating the different expression (normalized DESeq2 read count) of VEGFA and
EREG between negative control (SCR, a scrambled siRNA) and POLR1D knockdown in SW480 (SCR, n = 6; siPOLR1D2, n = 3; siPOLR1D3, n = 3) and
HT29 (SCR, n = 4; siPOLR1D2, n = 2; siPOLR1D3, n = 2) cell lines. VEGFA and EREG expression was suppressed after POLR1D silencing. Adjusted p
values were calculated by DESeq2, an R package. g Violin plots of VEGFA and EREG expression (normalized RSEM value) of TCGA cases. Samples
with chr13q12.2 gain (n = 129) or amplification (n = 46) showed a significant upregulation compared to balanced cases (n = 196). h Schematic
presentation how nucleosome organization around promoters of repressed and active genes differ in their promoter regions. Promoters of active
genes have a nucleosome-depleted region (NDR, dark blue line), whereas the nucleosome organization of promoters of repressed genes is not
well-defined, resulting in different nucleosome footprints at transcription start sites. We leveraged these differences by employing our previously
published nucleosome positioning [38] to determine the expression status of genes within the 13q12.2 amplicon. In addition to the genes
discussed in the text, we added the gene GSX1(light blue) as an example for a repressed gene (part of the figure adapted from [49])
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Fig. 4 (See legend on next page.)
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score and lack significant comorbidities. As the instabil-
ity of tumor genomes has been well-established, there
have been tremendous efforts to track genetic tumor
markers over time rather than solely at the point of diag-
nosis, which can in turn provide support for
determining novel evidence-based therapies for these
patients. Liquid biopsy has been at the forefront of such
non-invasive profiling of the tumor at regular intervals
throughout a patient’s treatment and has allowed for the
monitoring of the evolution of the tumor genome [7–10].
Another application utilizing plasma DNA is the much-

needed identification of novel driver genes. Although the
13q12.2 amplification is relatively frequent in CRC, a driver
gene has not been identified in this amplification yet. The
13q12.2 region harbors the fms-like tyrosine kinase 3
(FLT3), a known oncogene that encodes for a tyrosine kin-
ase which activates proliferation and differentiation path-
ways in hematopoietic stem cells. Although mutations in
FLT3 have been well-documented in cases of acute
myeloid leukemia (AML) and other hematological malig-
nancies [63], there is currently no substantial evidence
demonstrating that FLT3 plays a role in the tumorigenesis
of CRC. One case report focused on a particular patient
with amplification of FLT3 who demonstrated response to
sorafenib, an anti-FLT3 compound [64]. However, our ana-
lysis showed no correlation between FLT3 copy number
and gene expression in both the TCGA cohort and the
CCLE cell line database. Furthermore, gene expression in-
ference from TSS nucleosome positioning suggested that
in our two clinical case studies C129 and C216, FLT3 was
not expressed within the 13q12.2 amplicon. Moreover, our
stable FLT3-overexpressing cell line did not exhibit any
significant proliferation advantage, further questioning the
role of FLT3 as an oncogene in mCRC. Our findings are in
agreement with a previous study, which showed that FLT3
amplification does not seem to be an actionable target or a
proper biomarker for FLT3 inhibitors like regorafenib or
sorafenib [65].
Furthermore, two studies previously published about

the potential driver gene in 13q12.2 showed varied re-
sults [66, 67]. One study suggested both LNX2 and
POLR1D as potential driver genes in 13q12.2. However,

in this particular in vitro model, the SW480 (whole
chr13 gain) and DLD1 (whole chr13 balanced) cell lines
were used, which thus excluded cell lines harboring
amplification of 13q12 [66]. Another study which did
use cell lines harboring 13q12.2 amplification demon-
strated high expression of CDX2 and therefore con-
cluded that CDX2 acts as a driver gene in this region
[67]. According to the CCLE data, however, CDX2 copy
number is poorly correlated with gene expression, and
furthermore, in a real patient dataset (TCGA), mRNA
expression was not significantly different between pa-
tients harboring a gain or amplification of chr13q12.2.
However, as a recent study described that CDX2 loss
through demethylation and HDAC inhibition is an
adverse prognostic factor and linked to molecular fea-
tures of the serrated pathway [68], CDX2 may act as an
oncogene in tumors with a high expression of CDX2,
but this is not necessarily applicable to all cases of CRC
with chr13q12.2 aberration.
Our study suggests POLR1D as a potential oncogene in

the 13q12.2 amplification and as a novel resistance mech-
anism against the anti-VEGF monoclonal antibody bevaci-
zumab (Avastin). These conclusions are based on several
observations. First, POLR1D overexpression caused prolif-
eration of CRC cells as demonstrated by transient siRNA
knockdown in the two CRC cell lines HT29 and SW480.
Second, POLR1D was indeed expressed in our profoundly
investigated cases C129 and C216, as inferred from plasma
nucleosome positioning mapping. Third, an important
consequence of POLR1D overexpression was upregulation
of VEGFA, as evidenced by both our in vitro experiments
and the TCGA RNA-seq data. VEGFA is an important
regulator of angiogenesis, the target of bevacizumab, and
plays a role in the development, progression, and metasta-
sis of CRC [69]. Finally, given the specificity of bevacizu-
mab to the VEGFA ligand [54] and as recent publications
showed that bevacizumab treatment induces autocrine
VEGF signaling [55, 70], we investigated the occurrence of
POLR1D amplifications in patients receiving bevacizumab
to provide in vivo data. In fact, serial plasma DNA ana-
lyses revealed that in two of our patients, the 13q12.2
amplification evolved under treatment and was in both

(See figure on previous page.)
Fig. 4 Emergence of the 13q12 amplicon under bevacizumab treatment in patient C216. a Genome-wide log2 ratio plots of plasma samples
from C216 obtained before bevacizumab treatment (upper), after 227 days of bevacizumab treatment (middle), and after 285 days of
bevacizumab treatment (bottom). The insets illustrate the respective tumor fraction (TF) for each analysis and enlarged log2 ratio plots of
chromosome 13, the bottom 2 samples show gain of chromosome 13, with the highest copy number gain on chr13q12.2, the region that
harbors the POLR1Dgene. Copy number gains are shown in red, balanced regions in green, and copy number losses in blue. b Plot illustrating all
time points of blood collection and relative marker changes. Red line: POLR1Dcopy number changes identified by digital PCR, showing minimum
changes until day 227. Blue line: blood CEA level changes. Black line: blood CA19-9 level changes. Gray bar: tumor content identified in every
sample using ichorCNA. c Four CT images obtained in 4 different time points, i.e., day 10, day 152, day 222, and day 276 after bevacizumab
treatment. Compared to the first image, no significant changes were identified on day 152, during which the patient had been evaluated to have
stable disease in accordance with the RECIST criteria. On day 222, the pre-present liver metastasis lesions enlarged with occurrence of new
micrometastasis lesions. On day 276, all livers metastasis lesions had become larger
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Fig. 5 (See legend on next page.)
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