














4906

Published OnlineFirst September 8, 2021; DOI: 10.1158/0008-5472.CAN-21-0371

Ketola et al.

and AZT kept the ORF1 and ORF2 levels at the basal level and no
induction of ORF1 or ORF2 expression was detected in the combi-
nation treated LNCaP (P = 0.045 for ORF1 and P = 0.017 for ORF2,
t test) or VCaP cells (P = 0.004 for ORF1 and P = 0.001 for ORF2,
t test; Fig. 3D). Interestingly, while no significant changes of ENZ
on ORF1 and ORF2 mRNA expression were seen after a 5-day delay
in LNCaP cells, a longer 25-day ENZ incubation significantly induced
ORF1 and ORF2 mRNA expression by 8-fold in LNCaP cells (P =
0.014 for ORF1 and P = 0.007 for ORF2, t test). Further, addition
of AZT reduced the ENZ-induced ORF1 and ORF2 mRNA expression
by 60%, leading to only 3-fold ORF1 and ORF2 induction in
ENZ and AZT combination-treated LNCaP cells (P = 0.038
for ORF1 and P = 0.029 for ORF2, ¢ test; Fig. 3D). AZT was also
able to block L1 transposon activity in the LI-EGFP reporter
assay (P < 0.05, t test) (Supplementary Fig. S6C). Additionally,
AZT blocked the ENZ induced ORF1 and ORF2 mRNA expression
in VCaP cells (Fig. 3D). On the protein level, carboplatin treatment
of LNCaP cells significantly increased the level of L1 ORFlp
produced by the cells, while further addition of AZT returned
ORFl1p levels to normal (Supplementary Fig. S6D). These results
suggest that AZT prevents carboplatin- and ENZ-induced ORF1
and ORF2 expression and could be a modulator of cancer genome
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Figure 2.

DSER analysis in Case A34. A, Carbo-
platin and etoposide induce DNA dou-
ble-strand breaks, causing histone
H2AX to be targeted by ATM at its
S139 phosphorylation site to form
YH2AX. B, EYA proteins mediate
the dephosphorylation of yH2AX
at the Y142 residue to promote the
repair response to DNA damage. A
lack of EYA protein in the eradicated
subclones and consequent lack of
dephosphorylation  enhances cell
death relative to the resistant sub-
clones. If EYA-mediated dephosphor-
ylation occurs, the DNA repair
response proceeds. C, Ubiquitination
of the complex formed by FANCD2
and FANCI is required for activation
of the BRCA DNA repair complex.
If the ubiquitination is inhibited,
this promotes cell death. Since the
presence of FANCI is needed for
FANCD?2 ubiquitination, and compen-
satory increase in FANCD2 activity is
known to occur in BRCA2-deficient
tumors (12), absence (and/or reduced
levels) of FANCI would likely lead to
enhanced cell death in the face of DNA
damaging chemotherapy. The RB/E2F
pathway is implicated as a negative
regulator of FANCD2 transcription.
Deleterious RB1 S485F (present in all
three resistant liver metastases) could
lead to increased FANCD2 levels and
enhanced DNA-repair response, lead-
ing to subclone survival during DNA-
damaging chemotherapy.

heterogeneity induction by L1 activity in cancer cells in patients
during therapy.

Discussion

By combining deep longitudinal analysis of clinical, liquid biopsy,
and tumor genomic data in patient A34’s mPC, we identified what we
believe to be the first genomically documented case of differential
cancer subclone eradication and resistance in a solid tumor (2). In the
current study, we sought to delve deeper, to identify potential under-
lying causes of differential susceptibility to therapy, and to test the idea
that DSER analysis could provide a highly informative intermediate
step toward effective precision cancer medicine. DSER can be defined
as a direct comparison of molecular attributes of pre- and posttreat-
ment cancer subclones eradicated by and resistant to therapy to
identify molecular targets for therapeutic conversion of resistant
subclones to an eradicable state.

Our results revealed that in the eradicated cancer subclones of
patient A34, the already-reduced DNA damage repair capacity pro-
vided by BRCA2 biallelic loss may have been potentiated by reduced
activity of EYA4 and/or FANCI. The resistant subclones may have
survived chemotherapy because of a RB1 S485F mutation. As a
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Figure 3.

Carboplatin and enzalutamide induce L1transposon activity in prostate cancer cells, and this activity can be blocked by AZT. A, The effects of carboplatin (5 umol/L)
or ENZ (10 umol/L) on L1activity in LNCaP prostate cancer cells analyzed using a retrotransposition L1-EGFP reporter assay and IncuCyte S3imaging equipped with a
green fluorescence channel. Representative IncuCyte cell images are shown for untreated, ENZ-, and carboplatin-exposed LNCaP cells with green channel only (L1-
EGFP) and phase contrast. The control plasmids used included two negative controls (LINeg-EGFP and LIMut-EGFP) and a positive-control plasmid (L1Pos-EGFP).
The barplot shows L1-positive EGFP* counts per mm?/confluency quantified using IncuCyte. See also Supplementary Fig. S5. B, The effects of carboplatin or ENZ on
ORF1and ORF2 mRNA expression in LNCaP, VCaP, PC3, and 22Rv1 prostate cancer cells. C, L1 ORF1and ORF2 mRNA levels from pre- and postcastration xenograft
samples from LuCaP 77 and LuCaP 105 (23). D, The effects of carboplatin and AZT (50 umol/L) or ENZ and AZT alone and in combination for 5 and 25 days on ORF1
and ORF2 expression in LNCaP cells and for 5 days in VCaP cells. Asterisks indicate significant difference between treatment conditions based on t test. *, P < 0.05;
** P < 0.0, ***, P < 0.001.
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precision-medicine hypothesis-generating system, we believe this type
of analysis could form a new and much needed bridge to more rapid
progress in precision medicine, both in individual patients and in
advancing mechanistic understanding in general. In patient A34 or
cells in vitro mimicking A34, could the addition of drugs blocking the
FANCD?2 or FANCI, and/or drugs blocking EYA4 activity force the
resistant subclones to be eradicated by platinum/etoposide or DNA-
repair-inhibiting drugs such as olaparib? Because the root observa-
tions are in vivo and naturally developed in human, the differences
observed using DSER are arguably more likely to identify useful
vulnerabilities than studies starting with cell line or animal studies.
Moreover, when hypotheses generated by DSER are tested in vitro and
in animal studies, the power to unravel important mechanisms is likely
to be substantially amplified.

How can we test the hypothesis that broadly applied DSER
could accelerate progress in precision cancer medicine? The most
dramatic recent advances in metastatic cancer treatment have
occurred in cancers harboring DNA-repair defects (10) and in those
responsive to recently developed immunotherapy methods, but these
treatments typically do not cure the patient. This makes them the best
place to apply DSER. The tools required to do DSER on a broad scale
are relatively modest. First, whole genome-sequenced samples of
tumor and blood are required prior to treatment and at the time of
relapse. What can be learned about any eradicated and resistant
subclones identified in the samples will be directly proportional to
the quality and sufficiency of the samples for integrated clinical and
molecular analysis. Whether or not subclone eradication is common
enough with current partially effective therapies to warrant broader
expansion of a DSER approach should become evident with as few as
perhaps 20 patients with each tumor-treatment-type combination.
This method could be added to existing clinical trials and could be a
specific additional focus of existing large studies of metastatic cancer
such as those reported by Robinson and colleagues (27) and Swanton
and colleagues (28).

Performing DSER in patient A34 caused us to ask whether
L1 transposon activation itself is a targetable source of cancer
genomic heterogeneity leading to differential sensitivity to therapy.

Our results are to our knowledge the first to show that either
carboplatin or enzalutamide can turn on L1 transposon machinery
in cancer cells, and that this induced activation can be blocked
in vitro by the antiretroviral drug AZT. We were surprised to
discover that L1 activation after carboplatin occurs only after a
5-day delay in 2 of the 4 prostate cancer cell lines tested. The delay
may explain why L1 activation was not detected in a previous study
where osteosarcoma cells were studied immediately after cisplatin
exposure (29). These findings indicate that induced L1 activity in
response to stresses such as carboplatin chemotherapy or androgen
deprivation may contribute to genomic heterogeneity-driven resis-
tance to therapy in some cancers.

What remains unknown about somatic L1 induction in cancer is
what initiates the initial binding of RNA Polymerase II to begin the
transposition process. Our results provide a foundation for mecha-
nistic studies of L1 induction, and could help reveal why the prevalence
of somatic L1 induction varies among cancer-cell types (14). In
prostate cancer, we speculate that differences in driver genes and
remaining androgen receptor (AR) response pathways could underlie
the L1 inducibility shown in LNCaP/VCaP cells that is lacking in PC3/
22Rv1 cell lines.

It appears possible that in A34 L1 activity induced by carboplatin
and etoposide chemotherapy could have contributed to genomic
instability leading both to the eradicable and resistant subclones.

Cancer Res; 81(19) October 1, 2021

Testing whether or not chemotherapy-induced L1 activity is clinically
important or not could be tested in vivo by comparing ctDNA response
with chemotherapy in patients treated with prechemo suppression of
L1 by AZT versus placebo. AZT is currently included in several clinical
trials in leukemia, lymphoma, and other cancers. The impact of AZT
on L1 activation could be studied in samples from patients enrolled in
those trials (30).

In summary, future work testing of DSER-based identification
of novel cancer therapeutic targets, and deeper mechanistic studies
of the role and manipulability of L1 induction in cancer evolution
and therapy could accelerate progress in development of effective
precision oncology.
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