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SUMMARY:
Presented here is a protocol to test the efficacy of targeted therapies that are selected based on the genomic makeup of tumors. The protocol describes identification and validation of structural DNA rearrangements, engraftment of patient tumors into mice, and testing of responses to corresponding drugs.

ABSTRACT: 
The combination of next-generation sequencing technologies, subsequent analyses, validation of therapeutic targets, and testing of sensitivity for drugs in patient-derived xenografts (PDX) is a promising approach to aid treatment decisions in cancer patients. Presented in this protocol is proof-of-principal for this strategy, using ovarian tumors for genomic analyses and treatment testing as an example. The mate-pair next-generation sequencing (MPseq) protocol is used to identify chromosomal rearrangements, including gene fusions and copy number changes, in primary tumors. Further analysis is then performed to determine alterations that may be therapeutically targeted. Selected genomic alterations are validated with individualized primers for DNA chromosomal rearrangements in the tumor DNA (original and derived from PDX). The tumor is grown in immunocompromised mice until palpable, and treatments are administered with drugs that are selected based on genomic analyses. Results demonstrate a good correlation between the predicted and observed responses in the PDX model. This approach can be used to test the efficacy of combination treatments that include targeted drugs.

INTRODUCTION:
Patient-derived xenografts (PDXs), which are generated from the implantation of patient tumor samples into immunodeficient mice, have emerged as a powerful preclinical model to aid personalized anti-cancer care. PDX models have been successfully developed for a variety of human malignancies. These include breast and ovarian cancers, malignant melanoma, colorectal cancer, pancreatic adenocarcinoma, and non-small cell lung cancer1-5. Tumor tissue can be implanted orthotopically or heterotopically. The former, considered more accurate but technically difficult, involves transplantation directly into the organ of tumor origin. These types of models are believed to precisely mimic histology of the original tumor due to the “natural” microenvironment for the tumor6,7. For example, orthotopic transplantation into the bursa of the mouse ovary has resulted in tumor dissemination into the peritoneal cavity and the production of ascites, typical of ovarian cancer8. Similarly, injection of breast tumors into the thoracic instead of abdominal mammary gland has been shown to affect PDX success rate and behavior9. However, orthotopic models require sophisticated imaging systems to monitor tumor growth. Heterotopic implantation of solid tumor is typically performed by implanting tissue into the subcutaneous flank of a mouse, which allows easier monitoring of tumor growth and is less expensive and time-consuming7. However, tumors grown subcutaneously have been shown to rarely metastasize, unlike those observed in cases of orthotopic implantation10.

The success rate of engraftment has been shown to vary and greatly depends on tumor type. More aggressive tumors and tissue specimens containing higher percentages of tumor cells have been reported to show better success rates12,13. Consistent with this, tumors derived from metastatic sites have been shown to engraft at frequencies of 50%–80%, while those from primary sites have engrafted at frequencies as low as 14%12. In contrast, tissue containing necrotic cells and fewer viable tumor cells engraft poorly. Tumor growth can also be promoted by the addition of basement membrane matrix proteins into the tissue mix at the time of the injection into mice without compromising properties of the original tumor14. The size and number of tissue pieces intended for implantation have also been found to affect the success rate of engraftment. Greater tumor take-rates have been reported for implantation in the sub-renal capsule compared to subcutaneous implantation due to the sub-renal capsule’s ability to maintain original tumor stroma and provide the host with stromal cells, as well15. 

Most studies use NOD/SCID immunodeficient mice, which lack natural killer cells16, and have been shown to increase tumor engraftment, growth, and metastasis compared to other strains14. However, additional monitoring is required, as they may develop thymic lymphomas as early as at 3–4 months of age13. In ovarian tumor transplants grown in SCID mice, the outgrowth of B cells has been successfully inhibited by rituximab, preventing the development of lymphomas without impacting the engraftment of ovarian tumors17. 

More recently, NSG (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ) mice, carrying a null mutation in the gene encoding the interleukin 2 receptor gamma chain18, has become a frequently used strain for the generation of PDX models. Tumors from established PDX models passaged to future generations of mice are reported to retain histological and molecular properties for three to six generations19,20. Numerous studies have shown that treatment outcomes in PDX models mimic those of the corresponding patients2-4,21-23. The response rates to chemotherapy in PDX moles for non-small lung cancer and colorectal carcinomas have been shown to be similar to those in clinical trials for the same drugs24,25. In co-clinical trials, PDX models developed for patients enrolled in clinical trials have been treated with the same drugs and have demonstrated parallel clinical responses in patients2-4.

Coupling PDX models with high-throughput genomic analyses of tumors further strengthens the power of the PDX platform to study correlations between specific genomic alterations and therapeutic response. A number of studies have reported reproducibility and clinical translatability of this approach26,27. Testing the efficacy of the EGFR inhibitor cetuximab in a set of colorectal PDX models, Bertotti et al. found a correlation between the therapeutic effect and presence of EGFR amplification28. The responses observed in PDX models were consistent with the clinical responses to cetuximab in patients. 

There are a few challenges associated with the development and application of PDX models. Among those is tumor heterogeneity29,30, which may compromise the accuracy of treatment response interpretation, as a single cell clone with higher proliferative capacity within a PDX can outgrow the other ones31 and result in loss of heterogeneity. Additionally, when single tumor biopsies are used to develop PDXs, some cell populations may be missed and are not represented in the final graft. Multiple samples from the same tumor are recommended for implantation to resolve this issue. Although PDX tumors tend to contain all cell types of the original donor tumor, these cells are gradually substituted by those of murine origin3. Functional crosstalk between murine stroma and human tumor cells is not fully understood. Co-injection of human tumor cells with patient-derived stromal cells has been shown to restore parts of the human tumor microenvironment in breast cancer PDXs33.

Despite these limitations, PDX models remain among the most valuable tools for translational research as well as personalized medicine for selection of patient therapies. Major applications of PDXs include biomarker discovery and drug testing. PDX models are also successfully used to study drug resistance mechanisms and identify strategies to overcome drug resistance34,35. The approach described in the present manuscript allows identification of potential therapeutic targets in human tumors and assessment of the efficacy of corresponding drugs in vivo in mice harboring engrafted tumors that are initially genomically characterized. The protocol uses ovarian tumors engrafted intraperitoneally but is applicable to any type of tumor sufficiently aggressive to grow in mice. 

PROTOCOL:

Fresh tissues from consenting patients with ovarian cancer were collected at the time of debulking surgery according to a protocol approved by the Mayo Clinic Institutional Review Board (IRB). All animal procedures and treatments used in this protocol were approved by the Mayo Clinic Institutional Animal Care and Use Committee (IACUC).

1. Mate pair sequencing and analyses 

NOTE: Either fresh or flash frozen tissue must be used for mate-pair (MPseq) sequencing. Paraffin embedded material is not suitable because it contains fragmented DNA.

1.1. Isolate DNA from frozen tumor tissue. Use original human specimens obtained from surgical material or biopsy.

1.2. Use 1000 ng of DNA to make MPseq libraries and sequence as two samples per lane of HiSeq 2500 (see Table of Materials).

1.3. Analyze the data using a set of algorithms to detect large chromosomal aberrations (deletions, insertions, amplifications, inversions, and translocations) as described earlier36,37. 

2.  Selection of therapeutic targets
[bookmark: _Hlk1781034]
2.1. Use the Panda tool (Pathway and Annotation) or an analogous tool to identify targetable alterations <http://bioinformaticstools.mayo.edu/Panda/>. 

2.1.1. Make a list of genes that are identified as altered by MSeq as a simple tab-delimited file using standard accepted gene symbols.

2.1.2. Add a # sign to the header line of the list to ensure that the table header is transferred to the pathway level view of the software. 

2.1.3. Upload the file by clicking the Upload Annotation Set navigation tab. 

2.1.4. Assign a single icon from the menu to represent the underlying data by clicking on the icon of choice and then clicking the Finalize tab. 

2.1.5. Review the page once the annotation files are uploaded to identify a column that displays the number of annotated genes per pathway per annotation. This is the last column on the right. 

2.1.6. Use a Pathway Filter on the upper left of the main window to restrict the number of pathways displayed to the ones including genes of interest. 

2.1.7. Identify pathways that have more genes annotated than expected by chance, using the function located under the Enrichment tab. 

2.1.8. Select a database to display potentially druggable genes from Preset Annotation by checking an appropriate icon on the left of the main window (e.g., DGIdb, PharmGKB). 

2.1.9. Select the pathway for visualization by clicking on its name displayed in the Pathway Viewer page. 

NOTE: Icons representing each annotation set are displayed by next to the associated gene. Clicking on any gene in the pathway will open the corresponding GeneCards webpage in a new tab.

2.1.10. Select the pathways that show annotated genes of interest (i.e., altered in a given tumor) and “hits” for potential drugs for further analysis. 

2.2. [bookmark: _GoBack]Use a database containing drugs approved for clinical application such as <https://clinicaltrials.gov/> to cross-reference the identified targets.

2.3. Prioritize targetable alterations for further testing in PDX models by performing a literature review (e.g., PubMed) to confirm relevance to the biology of a particular type of tumor.

3. Validation of genomic rearrangements by PCR and Sanger sequencing

3.1. Design primers using sequencing reads obtained from MPseq data.

3.1.1 Select a junction of interest for validation (i.e., potential therapeutic target) based on MPseq analyses. 

3.1.2 Design primers directionally such that the amplicon contains the junction. Design two primers on each side of the junction, for a total of four, to increase the chances of amplifying the junction. 

NOTE: Name primers as Case-Chromosome of region primer is written on-junction partner chromosome region-primer direction from case point of view (in cases of chromosomal inversions; the directions in the patient will be in opposite orientation to the reference genome).

3.1.3 Use standard PCR parameters for primer design and software such as Primer3. Select a melting temperature of 60–62 °C and GC content of 40%–60%. Make sure that predicted primer dimers, palindromes, or hairpin loops are absent.

3.1.4 Confirm that the primer lacks homology to other areas of the human genome using BLAT <http://genome.ucsc.edu/cgi-bin/hgBlat?command=start>.

3.2. Run a PCR to amplify the junction of interest.

3.2.1 Dilute primers to 10 mM and combine 10 μL of each primer so that each forward primer is paired with each reverse primer into a primer mix.

NOTE: Sequences for the primers for the selected example are shown in Table 1.

3.2.2 Label 0.2 mL strip tubes as: C1, T1, C2, T2, C3, T3, C4, and T4; where C = control pooled genomic DNA, T = tumor DNA, and the number indicates the primer mix.

3.2.3 Add 1 μL of each primer mix into the appropriately labeled tubes.

3.2.4 Prepare the Taq master mix by combining the reagents listed in Table 2, leaving the enzyme in the freezer until needed and adding it to the mix at the very end.

3.2.5 Create 2 master mixes, one for each template DNA,-control pooled genomic DNA and tumor DNA. Add 24 μL of each Taq master mix to its respective strip tube. The total reaction volume is 25 μL. Vortex very briefly, then spin the strip tube down.

3.2.6 Run a PCR in a thermocycler.

NOTE: Use the parameters shown in Table 3. Adjust the annealing temperature so it is at least 1 degree colder than the melting temperature of the primers. Store the completed PCR product at -20 °C (long-term) or refrigerated at 4 °C (short-term) until needed.

3.2.7 Perform electrophoresis to visualize PCR product using a 1.5% agarose gel. Leave a 2 µL aliquot of the product to be used for Sanger sequencing.

3.3.  Perform Sanger sequencing to confirm the junction and identify the exact breakpoint.

3.3.1 Use the PCR product if the PCR generated a single product (band). Alternatively, cut the band out of gel, purify, and submit for Sanger sequencing along with the primer used for amplification.

4. Tumor engraftment and maintenance

 4.1. Set up the preparations to engraft tumors into PDX mouse models. 

4.1.1. Make sure that a supportive infrastructure is in place at the time of the start of development of any PDX models, including dedicated laboratory and animal facilities, skilled technical staff, and detailed standard operating procedures. 

4.1.2. Ensure the quick transportation and processing of specimens, as speed is crucial for cell viability and successful engraftment.

4.1.3. Use a sterile environment to reduce bacterial and fungal contamination for processing and engrafting specimens.

4.1.4. Handle human specimens with caution and in accordance with institutional policies regarding potentially biohazardous materials, as they may harbor blood-borne pathogens.

4.2. Prepare the tissue for engraftment by putting the surgical specimen into a pre-chilled 50 mL tube with tissue culture media such as RPMI 1640. 

4.2.1. Quickly transport the tissue to the laboratory to limit ischemia time to less than 30 min.

4.2.2. Confirm tumor content in the specimen by consulting a pathologist. 

4.2.3. Place the tumor tissue in a dish containing cold PBS or in tissue culture media such as RPMI 1640 or DMEM containing antibiotics.

4.2.4. Identify and isolate viable tumor material from adjacent normal and necrotic tissue with help from a pathologist. Use sterile forceps and a scalpel to remove necrotic material identified by a pathologist.

NOTE: The tumor can be implanted either intraperitoneally or subcutaneously into the mice. Follow step 4.3 to perform intraperitoneal implantation, or skip to step 4.4 to perform subcutaneous engraftment. In this study, targeted therapies selected based on genomic analyses are tested in a series of PDX models for high grade serous ovarian cancer with intraperitoneal implantation. 

4.3. To prepare the tissue for intraperitoneal implantation, mince the tissue with sterile forceps and a scalpel on ice to yield pieces approximately 0.3-0.5 cm3 in size.

4.3.1. Mix the pieces 1:1 with ice-cold McCoy's media and inject 100 μL intraperitoneally into at least three female SCID mice. 

4.4. To perform subcutaneous engraftment, cut the tumor tissue with sterile forceps, a scalpel, or surgical scissors into small fragments, roughly 2 mm x 2 mm x 2 mm in size, and transfer the fragmented tissues to a pre-chilled Petri dish on ice.

4.4.1. Add cold Matrigel to the dish with the fragmented tissue (approximately 200 μL per 10 pieces of tissue), mix well, and let the tissue fragments soak in the Matrigel for 10 min.

4.4.2. Anesthetize five female NOD/SCID mice to prepare for engraftment. 

4.4.2.1. Place a mouse in a chamber containing isoflurane until it is fully anesthetized, using a chamber connected to precision vaporizer. 

4.4.2.2. Confirm that the mouse is properly anesthetized by pinching the tail tip with atraumatic forceps. 

4.4.2.3. Gently remove the fully anesthetized mouse from the chamber and put on a nose cone that has input from a vaporizer and output to a waste gas scavenging system.

4.4.3.  Put vet ointment on the eyes to prevent dryness while under anesthesia. 

4.4.4.  Prepare the area where the surgery will be performed. Use aseptic techniques to perform the surgery.
4.4.4.1. Ensure that the surface of the surgical area is non-porous, sealed, and disinfected prior to surgery. 

4.4.4.2. Begin the surgery with sterile (by autoclave, gas, or chemical sterilization) instruments. 

4.4.4.3. Use gloves to handle the instruments and maintain sterility of the instrument tips throughout the procedure through submersion in ethanol between surgery steps. 

4.4.5. Use sterile surgical scissors and forceps to create a 5–10 mm vertical skin incision on both flanks of a mouse.

4.4.6. Insert straight forceps gently into the subcutaneous space to create a pocket large enough for a tumor fragment to be placed under the fat pad. 

4.4.6. Use the sterile straight forceps to insert tumor fragments into a previously prepared pocket in each of the five mice. 

4.4.8. Close the skin incisions using tissue glue.

4.5.  Intraperitoneally inject each mouse with 100 µL of rituximab after implantation to inhibit lymphocyte proliferation.

4.6. Place the mouse into a cage under a heat lamp for approximately 20 min until recovery from anesthesia. Monitor its vital signs and ensure sufficient hydration.

4.7. Return the mouse to the location of the other mice after recovery from anesthesia and give access to food and water.

4.8. Provide postoperative care and monitoring according to institutional guidelines. Check for signs of pain and distress daily for 3 consecutive days after surgery. 

NOTE: Criteria for pain or distress include necrosis or ulceration, weight loss/body condition 
scoring, behavioral signs such as activity level, motor function, and posture.

4.9. Routinely check the mice for tumor formation bi-weekly until tumors reach a size of 0.5 cm in diameter, as measured by a caliper.

4.10. Assess the health score of each mouse as derived from appearance, behavior, and body condition38. Use scores of ≤6 as criteria for moribund mice to be sacrificed by carbon dioxide inhalation.

5. Testing responses to genomically identified targets in PDX models

5.1. Start the selected targeted treatments when the tumors are palpable and reach a size of 0.5 cm3 as measured by an ultrasound scan. 

5.1.1. Prior to performing an ultrasound scan of the abdomen, remove the mouse abdominal fur and apply a sterile jelly lubricant. 

5.1.2. Use an ultrasound machine with a transducer to obtain images with the tumor positioned in cross-section. Obtain three measurements per session for each animal and average the value for a more accurate assessment of tumor size. 

5.1.3. Analyze the images using available software39. 

5.2 Administer chemotherapy consisting of a mixture of carboplatin at 51 mg/kg and paclitaxel at 15 mg/kg intraperitoneally (IP) once a week for a total treatment duration of 4–6 weeks. Make sure that total volume for injection does not exceed 0.2 mL. 

5.3. Make a MK-2206 stock solution in 30% Captisol and deliver via oral gavage at 120 mg/kg daily for 4 consecutive weeks.

5.3.1. Prepare the mouse for oral gavage by pinching the skin of the back and pinning it backwards so that the head and limbs of the mouse are immobilized.

5.3.2. Insert the gavage probe down the back of the throat until the probe reaches the esophagus. Make sure that the probe is not inserted too far, as the lungs may perforate, causing death.

5.4. Make a MK-8669 stock solution in ethanol at 25 mg/mL. Dilute it in a vehicle containing 5.2% Tween 80 and 5.2% PEG400 in sterile water for IP injections at 10 mg/kg for 5 days every other week, for a total treatment duration of 4 weeks. 

NOTE: The volume injected into mice should be 50-120 l, depending on the animal’s weight.

5.5. Use seven to eight mice per group to ensure sufficient statistical power for detecting treatment differences40,41.

5.6. Assess body weight and general condition of the mice in therapy daily. Withhold administration of drugs if an animal’s weight drops 20% or more from its initial weight.

5.7. Assess the tumor size weekly using ultrasound scanning. Make sure that the individual performing monitoring of the tumor growth is blinded to the treatment to ensure unbiased scoring of responses.

NOTE: Smaller laboratories may employ two different people to administer treatment and ultrasound monitoring.

REPRESENTATIVE RESULTS:
Tissue from resected ovarian tumors at the time of debulking surgeries were collected in accordance with IRB guidance and used for 1) genomic characterization and 2) engraftment in immunocompromised mice (Figure 1). Mate-pair sequencing36,37 was used to identify structural alterations in DNA including losses, gains, and amplifications. A representative genome plot illustrating a landscape of genomic changes in one tumor (designated as OC101) is shown in Figure 2. Typical for high grade serous subtype tumors, multiple gains (blue lines) and deletions (red lines) were found, indicating high levels of genomic instability, as well as chromosomal losses and gains, indicative of aneuploidy, were observed. Subsequent analyses revealed a few DNA alterations that were potentially targetable with clinically relevant drugs. The top-ranked alteration for therapeutic intervention in the OC101 tumor was an amplification at chromosome 17 involving ERBB2 (Figure 2, Figure 3A). ERBB2 is a gene that codes for the HER2 receptor, which is known to (upon dimerization with EGFR, HER3, or HER4) activate RAS/ERK and PI3K/AKT signaling pathways and promote cell growth, cell migration, and invasion. HER2 inhibitors (such as monoclonal antibodies pertuzumab and trastuzumab) are effective in treating breast cancer patients when tumors overexpress the HER2 protein. Anti-HER2 therapy for ovarian cancer, however, is not FDA approved.

Comparison of the genomic profile of a donor patient’s tumor (Figure 1) to that of a corresponding PDX model (not shown) revealed a striking similarity, consistent with all previous studies reporting the molecular closeness of original tumors to their PDX derivatives. 

To validate MPseq results on the DNA level, several sets of specific primers were designed for the edges of amplified region containing the ERBB2 gene, and PCR was carried out using DNA isolated from the original tumor as well as from a tumor propagated for several generations in the mice. A representative gel image of amplified products using two different sets of primers is shown in Figure 3B. No band was detected when normal pooled genomic DNA (designated as C), that did not contain amplification of the ERBB locus, was amplified. Purification of products from the gel and Sanger sequencing (not shown) further confirmed the alteration predicted by MPseq. Further validation was conducted by examining the expression of HER2 protein in the corresponding PDX tumor using immunoblotting. The analysis revealed a high level of HER2 protein (result not shown), consistent with observed amplification of the ERBB2 gene.

In the DNA of a different ovarian tumor (designated T14) numerous regional gains were observed. Those included AKT2 and RICTOR genes (Figure 3C). Both were of great interest from a therapeutic perspective as inhibitors of AKT2 and mTOR, which RICTOR associates with, are available and currently in clinical trials. Since there were no mate pair reads spanning the vicinity of either gene, simple PCR validation of the gain as detected by MPseq was not possible. The expression level of corresponding proteins were therefore tested by immunoblotting. High levels of AKT and RICTOR were observed (Figure 3D), suggesting that treatment with targeted drugs is warranted.

To test the sensitivity of this tumor to inhibitors of AKT and mTOR, PDX mice with intraperitoneally implanted T14 tumor were expanded and randomized to receive only chemotherapy (carboplatin/paclitaxel) or a combination of chemotherapy with pan-AKT inhibitor MK-2206 or mTOR inhibitor MK-8669. Chemotherapy was given to mice in the combination arm for 2 weeks prior to the addition of the targeted therapy (Figure 4). Ultrasound measurements were taken weekly to monitor tumor regression/growth.

Each treatment arm contained no less than seven mice. This number was sufficient to observe differences in responses between the groups while keeping costs of the study at a considerably lower mark. Fewer mice (three to four) can be used in the control untreated group, as individual variations in tumor growth rate are negligible and growth is normalized to a tumor size at which treatment in other arms begins.

No difference was observed between chemo-treated and untreated groups in the first 3 weeks of observation (not shown). A significant reduction of tumor burden (58% median) was observed in the chemotherapy treated group by the end of week 6. An extra benefit over chemotherapy alone was observed in groups which received a combination of chemotherapy with targeted therapies. The difference became evident at weeks 4 and 3 for MK-8669 (Figure 4A) and MK-2206 (Figure 4B) respectively. 

Animals were euthanized and tumor tissue was collected for molecular analyses of treatment response at the end of the treatment trial at week 7. For that purpose, the amounts of total and phosphorylated S6 kinase (Figure 5A,B), AKT and mTOR (Figure 5C,D) were determined using immunoblotting. Ribosomal protein S6 kinase is a downstream messenger of the AKT-mTOR pathway, known to be upregulated and phosphorylated upon stimulation of the AKT-mTOR axis by growth factors to promote cell survival and growth. Comparison of these protein levels in untreated or treated with chemotherapy PDX tumors to those in mice that received AKT or mTOR inhibitors showed a marked decrease in the latter two (Figure 5), indicating effectiveness of the targeted therapy on the molecular level. Adjustments to the treatment regiment, as far as application timing for the combined drugs and therapy duration, should be made and tested to achieve better responses.

FIGURE AND TABLE LEGENDS:

Figure 1: Schematic of the strategy for genomically guided therapy testing using PDX models for serous ovarian carcinoma. H&E staining of an ovarian tumor is shown (top).

Figure 2: Genomic characterization of ovarian tumors using MPseq. Genome plot showing the landscape of structural alterations and copy number changes as detected by MPseq. The x-axis spans the length of the chromosome, with chromosome position number shown. Each chromosome is indicated on the right and left y-axes. The height of horizontal traces for each chromosome indicates the number of reads detected for 30k base-pair windows. DNA copy numbers are indicated by color, with grey representing the normal 2N copy state, red corresponding to deletions, and blue corresponding to gains. Connecting black lines correspond to chromosomal rearrangements. Alterations at ERBB2 locus are depicted.

Figure 3: Selection of targetable alterations and their validation. (A) A close-up segment of the genome plot shown in Figure 1, illustrating an amplification of the ERBB2 gene on chromosome 17 (blue). Chromosome numbers are as indicated. (B) Validation analysis of breakpoints at ERBB2 locus as identified by MPseq using PCR amplification. C is a pooled genomic DNA control, OC101 is DNA from patient tumor, and M is a DNA ladder. (C) A close-up of segments of the genome plot for another ovarian tumor showing gains (blue line) at the AKT locus (top) and at the RICTOR gene (bottom). Chromosomes are as indicated. (D) Validation analysis of expression of proteins of AKT/mTOR pathway by immunoblotting using tumor tissue from PDX (T14), genomic alterations for which are depicted in (C). 30 ug of total protein and specific antibodies to AKT, RICTOR, and p-mTOR were used. MAPK served as a loading control. Pos con = an independent tumor used as a positive control.

Figure 4: The comparison of responses to chemotherapy alone and combined with targeted therapy in tumor harboring gains at AKT2 and RICTOR genes with corresponding drugs. Treatment responses to a combination of chemotherapy and anti-mTOR drug MK-8669 (A) or inhibitor of pan-AKT MK2206 (B) versus chemotherapy alone. The time of administration for each treatment and duration are shown by the arrows. Volumes are expressed as percent of initial volume at the start of the treatment as mean ± SD. Chemo = chemotherapy. 

Figure 5: Comparison of molecular changes elicited by each treatment as determined by immunoblotting analysis. (A) Levels of S6 and phospho-S6, the downstream effector of AKT-mTOR pathway are shown. 30 ug of total protein and specific antibody to S6 and p-S6 were used. GAPDH was used as a loading control. Quantification of protein levels normalized to GAPDH level is shown in (B). (C) Levels of mTOR, p-mTOR, AKT and p-AKT as detected by immunoblotting. GAPDH was used as a loading control. D. Quantification of protein levels normalized to GAPDH level. NT = not treated, chemo = chemotherapy.

Table 1: Primers used for the validation of the OC101 chromosome 17 alteration.

Table 2: PCR setup to validate a junction. 

Table 3: Cycling conditions for PCR to validate a junction.

DISCUSSION:

This paper describes the approach and protocols used to conduct a “clinical trial” in PDX models, which takes advantage of molecular characteristics of a tumor as obtained by genomic profiling to determine the best drug choice for further testing. Multiple sequencing platforms are currently used for genomic characterization of primary tumors including whole genome sequencing, RNAseq, and customized gene panels. For high grade serous ovarian carcinoma, MPseq to identify structural alterations, DNA rearrangements, and copy number changes is particularly useful because of the high degree of genomic instability observed in this type of tumor. The second advantage of the MPseq platform is that it covers the entire genome and costs significantly less than other comprehensive sequencing technologies. MPseq, however, is not suitable for point mutation detection, as base coverage is not sufficient and reaches only 8-10x. One limitation of using MPseq alone for genomic characterization of a tumor is the presence of complex clustered chromosomal rearrangements, analysis of which does not predict the expression of impacted genes of interest. A junction detected by MPseq predicted to create a putative fusion gene validated in the DNA by PCR may not be expressed because of a frameshift or small deletions and insertions in the promoter region. Similarly, chromosomal gains and amplifications for potential therapeutic targets should be carefully assessed and validated on the RNA or protein level to ensure expression of the gene of interest.

Although, the molecular makeup of the tumor is largely preserved after propagation in mice for several generations, changes in expression levels of key genes may occur over time either reflecting tumor evolution, clonal selection, or adaptive response to murine environment. Thus, validation of an alteration intended for therapeutic intervention in both original donor tumor and PDX tumor is critical. For tumors isolated from PDX models, both RNA and protein can be used to interrogate the expression level, as the material is abundant. Either can be chosen to cross-check expression in the original tumor, depending on the availability and type of stored tissue and availability of antibody for the corresponding protein detection.

The PDX model is specifically invaluable in testing combination therapies, as the in vivo setting allows the monitoring of adverse effects as well as dosage or duration adjustments in the treatment regimen. The choice between orthotopic and subcutaneous engraftment can be made depending on the specific questions addressed in the study. However, it is important to keep in mind that the sensitivity of xenografted tumors to therapeutics may be modulated by the site of implantation42. On the other hand, no evidence has yet been reported on the discovery of drugs showing therapeutic responses in orthotopic models but no response in subcutaneously implanted PDXs9. 
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