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Common Summary: Topotecan and irinotecan (camptothecin analogues, CPTs) specifically
inhibit topol and are used to treat various solid tumors. Third generation topol inhibitors, such as
Onivyde, and two antibody drug conjugates (ADCs), sacituzumab govitecan (Trodelvy) and
trastuzumab deruxtecan (Enhertu), have shown higher patient response rates. Taken together,
topol inhibitors represent one of the most potent classes of anticancer drugs; however, the
response rate in this class of drugs remains low, and drug resistance mechanisms are not well
understood. Importantly, the rapid rate of CPT induced proteasomal degradation of topol has
been shown to be the primary mechanism of drug resistance. We have elucidated the CPT
induced UPP mediated topol degradation pathway, which provides unique opportunities to
develop a predictive biomarker for this class of drugs and potentially identify drug targets for
novel combination therapy to overcome CPT resistance. Here, we report that proteasome
inhibitors stabilize CPT induced topol degradation and reduce drug resistance.

Abstract: Targeted ubiquitination and proteasomal degradation regulates various cellular
pathways, and the discovery that CPT induced rapid proteasomal degradation of topol is the
primary mechanism of CPT resistance was novel and compelling. CPTs are used extensively to
treat various solid tumors like colorectal, gastric, pancreatic, ovarian and small cell lung cancer.
The response rate is low and the classical mechanisms of drug resistance are yet to be validated.
Remarkably, CPT resistant cells degrade topol rapidly by UPP and recently we’ve published the
molecular determinants of this pathway. To further understand the UPP mediated CPT resistance
mechanism we used targeted proteasome prohibition by ixazomib (MLN9708) to stabilize topol
and determine its impact on CPT resistance. CPT resistant and sensitive cancer lines were both
treated with ixazomib in combination with CPT. The CPT induced rate of topol degradation, and
its stabilization by ixazomib, was visualized and estimated by immunohistochemistry,
immunofluorescence and immunoblotting assays, MTT and subG1 assays provided the drug
sensitivity. Our results demonstrate that cells that degrade topol rapidly are very resistant to

CPT, and ixazomib significantly inhibits CPT induced topol degradation. Notably, inhibition of
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proteasomal degradation by ixazomib overcomes the drug resistance and sensitizes the cells for

CPTs.
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Introduction:

UPP pathway in different disease and drug resistance: The ubiquitin proteasome system
(UPS) is integral for multiple cellular pathways and processes, some of which include cell cycle
regulation, DNA repair, and protein degradation. Disruption or alteration of the ubiquitin
proteasome pathway (UPP) during these processes often results in pathological disease. As
notable examples, deregulation of UPS can lead to various cancers and neurodegenerative
disorders. One of the main functions of the UPS is protein regulation and degradation, and when
proteostasis is disrupted several neurodegenerative diseases may develop. Normal regulation for
misfolded proteins is turnover by the UPP, however in these disease states this key protective
mechanism is impaired [1].

A key feature of cancers is their ability to divide and grow rapidly despite accumulated
mutations and DNA damage. The UPS in normal states acts to modulate proteins, of which p53
modulation through E3 ligase MDMZ2 is an important example. Activation of MDM2 results in
p53 degradation, which removes an important inhibition on cell growth. Overexpression or
activation of MDM2 is therefore associated with progression of tumor growth. However,
ubiquitination processes are not limited to activation of an oncogenic pathway, but may also
inhibit it based on the regulator acted upon [2]. The diverse nature of UPP targets allows this
wide breadth of downstream effects if UPP is dysregulated. Focusing on one aspect of the UPP,
E3 ligases offer specificity within the system because they act in substrate recognition and
ubiquitin transfer to the targets [3]. Deregulated E3 ubiquitin ligases have been shown to be
widely involved in the development of several cancers [4]. As previously discussed, MDM2 is an
E3 ligase involved with p53 ubiquitin associated proteasomal degradation. An upregulation of
MDM?2 is associated with poor prognosis in cancer patients; in addition, an upregulation of the
RING1 protein has been found to facilitate MDM?2’s ligase action and further support cell
growth [2]. E3 ligases also act on tumor suppressor proteins. A prominent representation of this

is the UPP ligase complex associated with von Hippel-Lindau tumors. Hypoxia inducible factor
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(HIF) is a well-researched target of the von Hippel Lindau protein (pVVHL), which is a E3 ligase.
HIF plays an indispensable role in the cellular response to hypoxia and resulting angiogenesis.
When both copies of VHL are lost, HIFs are stabilized and allowed to promote an unregulated
hypoxia response and angiogenesis, which increases tumor cell survival. Tumors associated with
loss of VHL include clear cell renal cell carcinoma and pancreatic neuroendocrine tumors [4].
The widespread involvement of the UPS in various disease states warrants consideration of
targeting the UPS pharmacologically. Proteasome inhibitors (PI) have been used in cancer
treatment regimens for over 15 years and have had mixed success due to its lack of efficacy in
solid tumors. Bortezomib, for the treatment of multiple myeloma and mantle cell lymphoma, is
an important example as it is the first Pl to be utilized in clinic [5]. Use of Bortezomib widened
to some solid tumors, however the need for combination treatments arose due to lack of efficacy
and potentially acquired resistance. Multiple modes of resistance are being considered, such as
the induction of the IGF-1 pathway, mutations in PSMBS5, and induction of heat shock proteins
(HSPs) [5]. Thus, the drug resistance mechanisms of proteasome inhibitors are partly
understood. Notably, the UPS plays important role in imparting drug resistance by degrading the
drug targets, and here we will discuss one such pathway.

UPS Dependent Cancer Drug Resistance: Most of the drug sensitivity studies identified single gene

expression or gene mutations for targeted therapies like the KRAS mutation and the HER2-IHC test;
however, very little is known about mechanisms of resistance to chemotherapeutic agents. It’s important
to mention that other than breast and prostate, approximately 50% of all solid tumor patients are treated
with chemotherapy alone, or in combination with targeted or radiation therapy (ACS report 2019-2021).
Large-scale pharmacogenomics studies, including genome-wide association studies (GWAS), did not
provide any definitive molecular signature for specific chemotherapeutic agents. The Cancer Cell Line
Encyclopedia and the Genomics of Drug Sensitivity in Cancer (GDSC) used more than 600 cancer cell
lines and 150 cancer drugs, including chemotherapeutic agents. Apart from the known predictors, AHR
expression was associated with MEK inhibitor efficacy in NRAS-mutant lines and SLFN11 expression

predicted sensitivity to topol inhibitors [6, 7]. Neither of these novel findings has been validated yet in
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clinical settings and SLFN11 expression is not specific only to topol inhibitors. The rate of CPT induced
topol degradation by UPP is major determinant of the drug sensitivity. First, we’ll review the proposed
mechanisms of CPT resistance and then discuss the UPP mediated drug resistance. We will also provide
data to support UPP mediated mechanism of resistance and potential use of proteasome inhibitor to
overcome the resistance.

Mechanisms of CPT resistance: Irinotecan specifically targets topol and is in clinical use as
first line therapy for metastatic colorectal cancer (mMCRC) and pancreatic cancer and 2" line
therapy for gastric cancer [8-12]. Another CPT analogue, topotecan is used in second line
therapy to treat ovarian and small cell lung cancer (SCLC) patients. Notably, recent approval of
two antibody drug conjugates (ADCs), Trodelvi (Scituzumab govitecan) and Enhertu
(trastuzumab deruxtecan) with topol inhibitors as the cytotoxic warheads, has placed this class of
drug front and center in future anticancer drug discovery efforts. However, only 13%-32% of
patients respond to these drugs and the mechanism of resistance is not understood [13-21].
Activation of ABC transporters/multi-drug resistance (MDR) genes, mutations in topol and CPT
induced rapid degradation of topol by UPP were three proposed CPT resistance mechanisms.

(i) ABC transporterssMDR _gene mediated mechanisms: Several pharmacogenomics studies

using NCI-60 cell lines to determine drug response and gene expression profiles were conducted.
The studies included several topol inhibitors, but prediction of drug response based on gene
expression profiles was very limited. Notably, no relationship was observed between MDR/ABC
transporter gene expression and CPT response. These findings were later confirmed where 14
human ABC transporter genes were studied and none showed a relationship to CPT response
[22]. A more comprehensive genomics study of all known ABC transporter genes in the NCI-60
cell lines confirmed that CPTs are not substrate for ABC transporter genes [23].

(ii) Topol gene mutations and CPT resistance: There are 13 topol gene point mutations

reported (Fig.1), representing both acquired by conditional drug resistance development

[24-29] and intrinsic gene mutations in patients and CPT producing plant species [30-33].
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A closer analysis of the sites of these mutations and topol functional domain organization
indicates that they are either localized in the DNA binding domain (amino acids 361, 363,
370, 418, 533, 583) or the catalytic region (amino acids 722 and 729). Both domains are
highly conserved and play critical roles in topol enzyme activity. It is also important to note
that amino acid 722 is the only one that is mutated in intrinsic and acquired CPT resistance.
The other two mutations (amino acids 421 and 530) found in intrinsically resistant plant
species are in close proximity to the mutations reported in acquired mutations (Fig. 1) [34].
A crystal structure of N722S clearly indicates the importance of this amino acid for nicking
and re-ligation reaction to reduce supercoiling of DNA by topol [28]. Other reported
mutations, both intrinsic and acquired, provide a functional basis of CPT resistance as they
either affect DNA-topol binding or catalytic activity of the enzyme. However, the lack of
intrinsic or acquired topol mutations in patients indicate that topol gene mutations don’t

account for CPT resistance. (30).
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Figure 1 : A Schematic Representation of Known Topol Gene Point Mutations

(iii) Rate of UPP dependent degradation of topol in the response to CPT: One of the most

distinct cellular responses to CPT is the degradation of topol by the UPP. It was first observed in
peripheral leukocytes of patients receiving 9-amino camptothecin [35], and subsequently in
multiple cancer cell lines [36]. More importantly, Desai et al. demonstrated that the irinotecan-

induced degradation of topol is mediated by ubiquitin proteasomal pathway, cells degrade topol
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differentially, and the cells that degrade topol rapidly are resistant to irinotecan [37, 38]. To
understand the CPT induced proteasomal degradation of topol, Ando et al. used a functional
proteomics approach to isolate and identify topol interacting protein complex and have published
that: 1) topol associates with DNA-PK, and DNA-PKcs phosphorylates topol at Serine 10; ii)
Phosphorylated topol is ubiquitinated by BRCAL; iii) cells with higher basal levels of topol-
pS10 degrade topol rapidly and are resistant to irinotecan; iv) the higher basal level of topol-
pS10 is maintained by phosphatase dependent activation of DNA-PKcs; v) nuclear phosphatase
SIRNA library screen identified PTEN and CTDSP1 enhances irinotecan induced topol
degradation and vi) silencing of PTEN enhanced DNA-PKGcs activity and irinotecan resistance.
Thus CPT induced topol degradation pathway is a highly orchestrated interplay of
posttranslational modifications of protein that determines the drug sensitivity [39].

a) Higher basal level of phosphorylated topol-pS10 is a molecular determinant of CPT
response: Our lab validated UPP mediated topol degradation pathway at multiple levels. First, to
determine if the resistant cells have higher levels of topol-S10 phosphorylation, a
phosphospecific topol-S10 antibody was developed, characterized, and analytical validation of
IHC assay was performed. The IHC assay, on several cell lines, indicated higher basal levels of
topol-pS10 in resistant cells [40]. We asked if this was true in a population of cancer patients. A
multi cohort retrospective clinical validation study was conducted and the result demonstrated a
strong relationship between higher topol-pS10 level and CPT response. The study included eight
cohorts of colorectal cancer (n=176) patients, and two cohorts of gastric cancer (n=106) FFPE
slides from the patients treated with irinotecan as a single agent or in combination therapy. Anti-
topol-pS10 immunohistochemically-stained slides were scanned and percent positive nuclei were
quantitatively analyzed. Using a receiver operating characteristic (ROC) curve analysis, we
determined that a threshold of 35% of topol-pS10 positive nuclei would be a useful threshold for

responder and non-responder patient populations. Using this threshold, we’ve demonstrated a
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very high positive and negative predictive value, both in the CRC and GC patient population
[41].

b) BRCAL ubiquitinates topol: BRCA1 plays an important role in genome maintenance.
Critical to many functions is its association with various protein complexes involved in DSB
repair [42, 43]. However, the precise role of BRCAL in DNA damage response (DDR) is not
understood. In an effort to understand BRCAL E3 ligase function in DNA-DSB, Reid et al.
generated isogenic clones of embryonic stem cells with BRCA1-WT, I126A (a mutant that only
impairs BRCA1’s E3 ligase function and not BRCA1-BARD1 interaction), and a BRCA1
deletion mutant that affects BRCAL1 DDR function significantly. Using mitomycin C (MMC)
and ionizing radiation (IR), they demonstrated that E3 ligase deficient cells are not sensitized to
these agents, and that the rates of homology directed DNA-DSB repair are similar [44]. In
striking contrast, BRCAZ1-E3 ligase inactivation impairs the DDR when CPT is used as the DNA
damaging agent in DT40 chicken cells. In these cells, V26A abrogates the E3 ligase activity of
BRCAL. Cell viability, Rad51 foci formation and sister chromatid exchange (SEC) rates were all
similar in BRCA1 WT and V26A cells in response to MMC. However, V26A mutant cells were
very sensitive to CPT, with a sharp reduction in RAD51 foci formation and SEC frequency [45].
Collectively these studies demonstrate that BRCAL E3 ligase function is critical only for CPT
induced DDR. In our studies, we used three different approaches (highly purified in vitro
ubiquitination assays, silencing of BRCAL, and expressing BRCA1-WT in HCC-1937, cells with
BRCAZ1-deletion mutations) to demonstrate that BRCAL ubiquitinates topol in vitro and in cells.
Our findings not only support the observations of Sato et al., but also define the mechanism of

CPT sensitivity in BRCA1-E3 ligase deficient cells [39].

iv) Proteasome inhibitor reduces CPT induced topol degradation: Work in our lab has

clearly demonstrated that the cells that degrades topol rapidly are more resistant to CPT. To

validate this further, we asked if proteasome inhibitor would stall topol degradation and
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overcome CPT resistance. First, we demonstrate more new data on how rate of proteasomal
degradation of topol is important in imparting CPT resistance, and then discuss how proteasomal
inhibition interrupts topol degradation and diminishes CPT resistance with new data.

a) The cells that degrade topol rapidly are resistant to CPT: Studies of NCI 60 cell lines
demonstrate wide-range of CPT drug sensitivity [39, 46]. We selected HCT15 (CPT resistant)
and HCT116 (CPT sensitive) cells and treated them with SN38 (irinotecan metabolite) and
determined the rate of topol degradation by immunoblot analysis with anti-topol. The data
clearly demonstrated that, when treated with SN38, almost all topol protein was degraded in
HCT15 cells while in HCT 116 a minimal degradation of topol protein was observed (Fig.2A).
No topol degradation was observed in cells treated with DMSO as control. A quantitative
analysis of immunoblot from three independent experiments demonstrated 80-90% reduction in
the topol protein level when HCT 15 cells were treated with SN38. While in HCT 116 cells the
topol protein level was reduced only by 20-30% (Fig. 2B). To further validate these findings, we
used mice xenograft models of CPT resistant (HCT15) and CPT sensitive (Colo205) cells. Mice
were treated with CRLX101 (nano-linked CPT) and tumor tissue was harvested at 72 hours and
168 hours. The tumor tissue was fixed in formalin, embedded in paraffin, and FFPE slides were
immunohistochemically (IHC) stained with anti-topol. After 72 hours post treatement, minimal
or no loss of topol protein was observed in Colo205, while a complete loss of topol was
observed in HCT15 cell tumor xenograft. The immunohistochemical staining at 168 hours
demonstrated two important findings. First, distinct loss of cell morphology in colo205 cells
only, indicating potential cell death. Second, topol protein level in HCT15 reappeared and was
detectable by IHC with anti-topol. Also no loss of cellular morphology was observed in the
HCT15 cell tumor xenograft (Fig. 2C). To determine the drug efficacy, mice were treated with
single dose of CRLX101 and tumor volume was measured up to 24" day post treatment. The
data indicates sharp reduction in Colo205 xenograft tumor volume after 18 days while no

appreciable change was observed in HCT15 xenograft tumor (Fig. 2D). To demonstrate the
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apoptosis mediated cell death, FFPE slides from xenograft, were also immunostained with anti-
cleaved caspase-3 (CC-3). Higher levels of DAB positive staining indicated a large percent of
cells undergoing apoptosis only in Colo205 (Fig. 2E left panel) and not in HCT15 (Fig. 2E right
panel) cell xenograft (Fig. 2E). Taken together, the rate of topol degradation in HCT116 and
Col0205 cells are slow and are sensitive to CPT. In contrast, HCT15 cells degrade topol rapidly

and are resistant to CPT.
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Figure 2. CPT induced rapid Topol degradation and drug resistance in cells and mice xenograft model. A. HCT15 and HCT116
cells were treated with either DMSO or SN38 (2.5uM) for three hours. Cells were harvested and cell lysates were analyzed by
immunoblot analysis with anti-topol and anti-B-Actin. B. Three independent experiments were performed to determine CPT induced
topol degradation (as in fig 1A) and the immunoblots were quantitatively analyzed to determine the relative amount of topol protein. C.
Mice with HCT 15 and Colo205 xenografts were treated with single dose of carrier polymer and CRLX-101, polymer linked- CPT, and
tumors were harvested at 72 and 168 hours. FFPE slides from the tumor tissue were immunostained with anti-topol. D. Effect of single
dose of CRLX101 (10mg/kg) on tumor volume of HCT15 and Colo205 mice xenograft. E. FFPE slides from mice xenograft of Colo205
and HCT15, treated with CRLX101 and harvested at 72 hours, were immunostained with anti-cleaved caspase3 (CC3). Imaging of the
immunostained slides were performed with Nikon bright field microscope.

b) Proteasome inhibitor ixazomib stabilizes CPT induced topol degradation: Genomically
edited HCT15 cells (HCT15-473 as described in ref. 39) to express topol-GFP fusion proteins
were treated with SN38 or SN38 and ixazomib. After 3 hours cells were visualized using a
confocal microscope to determine the change in topol-GFP intensity. A significant reduction of
fluorescence intensity was observed in cells treated with SN-38 after three hours compared to
DMSO treated (control) cells (Fig. 3A left and middle panel). However, HCT15-473 cells
pretreated with ixazomib showed minimal or no reduction in topol-GFP intensity after SN-38

treatment (Fig. 3A right panel). Quantitative analysis of fluorescence intensity in three
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independent experiments clearly demonstrated that the SN-38 induced topol-GFP degradation
was significantly inhibited when the cells were pretreated with a proteasomal inhibitor (Fig. 3B).
To further validate these findings, HCT15-473 cells were treated with DMSO, SN38, ixazomib,
and ixazomib plus SN-38. After three hours, cells were harvested and cell lysates were analyzed
by immunoblotting with anti-topol. The results clearly demonstrated that SN38 induced topol
degradation was inhibited by ixazomib (Fig. 3C). We asked if the mechanism of topol
stabilization is similar in parental HCT15 cells. HCT15 cells were treated with SN38, ixazomib
and the combination of SN38 and ixazomib. After 3 hours cells were analyzed by
immunofluorescence analysis with anti-topol. Significant reduction in topol protein level was
observed after 3 hours of SN38 treatment. Ixazomib treatment has no appreciable effect on topol
protein level. However, no change in topol protein level was observed when cells were
pretreated with ixazomib and then SN38 (Fig. 3D). The quantitative analysis of three
independent immunofluorescence assay experiments demonstrates a significant CPT induced
reduction in topol protein level compared to both DMSO and ixazomib treated cells.
Importantly, statistically significant stabilization of topol was observed in cells pretreated with

ixazomib and SN38 (Fig. 3E).
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Proteasome inhibitor mediated stabilization of topol degradation enhances CPT sensitivity:
HCT15 cells were treated with ixazomib (MLN-9708) , SN38 and the combination of both drugs.
To determine the effect of stabilization of SN-38 induced topol degradation and its impact on
drug sensitivity, cells were harvested at different time points after drug treatment and cell
viability assays were performed. The cell viability assays clearly indicated a synergy in cell
killing when cells were treated with SN38 and ixazomib compared to either ixazomib or SN38
alone (Fig. 3A). Using linear regression, ICso was determined using data from three independent
cell viability experiments. The results demonstrated that ICsp of SN38 and ixazomib alone was
1.5uM and 1.46 uM respectively; however, when the drugs were combined the IC50 was
reduced to 0.39 uM, indicating a significant reduction in drug resistance. To further confirm the
drug combination synergy, HCT 15 cells were treated with SN38, ixazomib, and the combination
of the two drugs, cell viability was determined by sub-G1 Analysis. In DMSO treated cells
(control), irinotecan and ixazomib treated cells the % sub-G1 population was 3.0, 5.28 and 8.36
respectively. However, when the two drugs were combined the % sub-G1 population, indicating
apoptotic cells, increased to 22.3%. Among the other cells, we identified HCC70, a triple
negative breast cancer cell line, to be very resistant to CPTs. We asked if UPP mediated
proteasomal degradation causes resistance in TNBC cells as well. Cell viability assays indicated
the cells are very resistant to irinotecan; however, when ixazomib was added the cells were
sensitized to irinotecan (Fig. 3D). It is important to mention that unlike HCT15, the TNBC cells
are sensitive to ixazomib. However, at lower concentrations of ixazomib a significant synergy
was observed when cells were treated with ixazomib and irinotecan. Using a different method,
we determined the synergy of the drug combination in HCC70 cells. HCC70 cells were grown
on matrigel and treated with SN38, ixazomib and the combination of both drugs. The bright field
imaging was performed after 72 hours of the drug treatment, and this data indicates that the cells
were viable and growing well at 200nM SN38 and at 10nM ixazomib (MLN9708). However,

cell growth was completely inhibited when the same drug concentration was combined.
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combination of SN38 and MLN9708 and after 72 hours the
cells were visualized by bright field imaging.
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Future Directions: Topol inhibitors represent one of the most extensively used chemotherapeutic
agents. More recently, topol inhibitors were successfully used as payloads in antibody drug conjugates
(ADCs). ADCs are one of the fastest growing classes of cancer drugs and third generation of ADCs
have shown significant improvements in achieving higher therapeutic index. There are three
components in an ADC: cell surface protein binding antibody, a cytotoxic warhead, and a linker that
conjugates the two. Humanized cell surface antibodies, like Herceptin, are extensively used in clinical
oncology and linker chemistry has matured. However, effectively using cytotoxic agents, as warheads/
payloads in ADCs have remained challenging. In the last twenty years, nine ADCs have been FDA
approved; however, only five cytotoxic payloads were used successfully. Out of the five approved
payloads, two are topol inhibitors. To increase the therapeutic index of ADCs, improvements have to
be made either in potency of the cytotoxic agent to lower the minimum effective dose or in tumor

selectivity to increase the maximum tolerated dose. Our studies on the resistance mechanisms of topol
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inhibitors will be very helpful to improve the therapeutic index of ADCs with topol inhibitors as

payload.

Conclusions: Previously four different labs have demonstrated that; i) CPT induces topol
degradation in patient leucocytes and cancer cell lines; ii) topol degradation is mediated by
ubiquitin proteasomal pathway; iii) rate of topol degradation varies in different cell lines; iv) the
cells that degrade topol rapidly are resistant to CPT. More recently, the pathway of proteasomal
degradation of topol was defined and the molecular determinants were identified. It was shown
that deregulated kinase cascade ensures activated DNA-PKcs, a higher basal level of topol-pS10
and CPT-induced rapid degradation of topol. Notably, BRCAL1 was identified as E3 ligase for
CPT induced topol ubiquitination and BRCA1 deficient cells were sensitive to CPT. We asked if
CPT sensitivity can be enhanced by proteasomal degradation. The data presented here clearly
indicates that proteasome inhibition reduces CPT induced proteasomal degradation of topol and
enhances CPT sensitivity significantly. This further validates the developed UPP pathway and
opens up the possibility of a novel combination therapy. Furthermore, our understanding of CPT

resistance will be very helpful in developing novel ADCs with topol inhibitors as payload.
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