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ABSTRACT 35 

 36 

Background: The eMERGE III Network was tasked with harmonizing genetic testing protocols linking multiple 37 

sites and investigators. 38 

Methods: DNA capture panels targeting 109 genes and 1551 variants were constructed by two clinical 39 

sequencing centers for analysis of 25,000 participant DNA samples collected at 11 sites where samples were 40 

linked to patients with electronic health records. Each step from sample collection, data generation, 41 

interpretation, reporting, delivery and storage, were developed and validated in CAP/CLIA settings and 42 

harmonized across sequencing centers.  43 

Results: A compliant and secure network was built and enabled ongoing review and reconciliation of clinical 44 

interpretations while maintaining communication and data sharing between investigators. Mechanisms for 45 

sustained propagation and growth of the network were established. An interim data freeze representing 15,574 46 

sequenced subjects, informed the assay performance for a range of variant types, the rate of return of results 47 

for different phenotypes and the frequency of secondary findings. Practical obstacles for implementation and 48 

scaling of clinical and research findings were identified and addressed. The eMERGE protocols and tools 49 

established are now available for widespread dissemination. 50 

Conclusions: This study established processes for different sequencing sites to harmonize the technical and 51 

interpretive aspects of sequencing tests, a critical achievement towards global standardization of genomic 52 

testing. The network established experience in the return of results and the rate of secondary findings across 53 

diverse biobank populations. Furthermore, the eMERGE network has accomplished integration of structured 54 

genomic results into multiple electronic health record systems, setting the stage for clinical decision support to 55 

enable genomic medicine.  56 

 57 

 58 

 59 

 60 

 61 
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INTRODUCTION 62 

The identification, interpretation and return of actionable clinical genetic findings is an increasing focus of 63 

precision medicine. There is also growing awareness that the discovery of genes underlying human diseases is 64 

dependent upon access to samples from carefully phenotyped individuals with (and without) clinical conditions. 65 

As clinical visits provide the ideal opportunity to record patient phenotypes, with appropriate consent, the medical 66 

care of specific patient groups can drive the accumulation of clinical data and knowledge of the genetic 67 

underpinnings of disease and the penetrance of DNA risk variants. This ‘virtuous cycle’ of data flow from the 68 

bench to the bedside and back to the bench will be a key driver of progress in genetic and genomic translation. 69 

 70 

While conceptually straightforward, there are many challenges that must be overcome for integrating clinical and 71 

research agendas across global populations. Clinical visits are often brief, focused upon measurement related 72 

to specific symptoms and constrained by fiscal and practical concerns. On the other hand, ascertainment for 73 

research is often open ended, longitudinal, and accompanied by rigorous consent procedures. The types of data 74 

that are recorded for each purpose can be different in both depth and quality. As a result, ideal research and 75 

clinical records often diverge. 76 

 77 

A second group of practical obstacles arises from the heterogeneity of sites and tools used to collect patients’ 78 

and participants’ data. On many occasions, even straightforward measurements cannot be meaningfully 79 

combined when they are derived from different sites, if they are obtained with different instruments, or from 80 

different clinical genetic testing laboratories using different molecular reagents. Thus, some information 81 

regarding the method of measurement must accompany the measurement data for harmonization, integration 82 

and standardization across populations. 83 

 84 

Despite these challenges, the desire to improve medical care by advancing genetic discovery provides incentive 85 

for data harmonization. The underlying processes, including participant interaction as well as methods for 86 

phenotyping, sequencing, and genetic variant interpretation therefore need to be studied and standardized. 87 

Further, the demands of harmonized data flow, storage, and management must be met. Each process must also 88 
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attend to the tension between respect for patient privacy (e.g. HIPAA laws) and the ability to access data to 89 

facilitate research. A list of practical obstacles is presented in Table 1. 90 

  91 

The current phase (III) of the United States National Institute of Health’s Electronic Medical Records and 92 

Genomics (eMERGE) program1 aims to study and improve these processes for delivery of clinical and research 93 

data, in a multi-center network, while providing actionable genetic results derived from a next-generation 94 

sequencing platform to eMERGE research participants. The network builds upon experience with participant 95 

consent, obtaining clinical data from the EHR, genotyping and return of results, expanding processes to inform 96 

care and catalyze research. 97 

 98 

SUBJECTS AND METHODS  (More details of certain methods are included in Supplementary Material) 99 

 100 

(i) eMERGEseq Panel Overview:   101 

Panel Design and Content: A gene panel comprising a total of 109 genes and approximately 1,400 SNV sites 102 

was informed by network input. The design process considered potential actionability of findings and local 103 

research interests, as well as gene size. The 109 genes included 56 based upon the American College of Medical 104 

Genetics and Genomics (ACMG) actionable finding list2. Additionally, each site nominated 6 genes relevant to 105 

their Specific Aims, including discovery-focused genes associated with clinical phenotypes in need of further 106 

study. All nominated genes apart from titin (TTN), which was excluded due to its size, were included in the final 107 

panel design for a total of 109 genes. Further, eMERGEseq content included several categories of single 108 

nucleotide variants (SNVs): 1) ancestry informative markers  and QC/fingerprinting loci (N=425), 2) a suite of 109 

SNVs selected to inform HLA type (N=272), 3) pathogenic SNVs in genes not included on the panel for which 110 

return of results was planned (N=14), 4) pathogenic or putatively pathogenic SNVs in genes not included on the 111 

panel for which return of results was not planned (N=55; for some, penetrance is poorly understood), 5) SNVs 112 

related to site-specific discovery efforts (N=718), and 6) pharmacogenomic variants (N=125), selected based on 113 

potential actionability, allele frequency and space available on the platform. A summary of all eMERGEseq 114 

content can be found in Table 2, with additional details provided in Table S1. All sequence and SNV data are 115 
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shared across the network for research, and a subset of the content, namely the clinically actionable variants 116 

associated with disease or drug response, are included in clinical reports for return to the participants. 117 

  118 

(ii) Panel Sequencing: 119 

 120 

Reagent: The gene and SNV list was used to direct construction of targeted capture platforms at two sequencing 121 

centers (SCs): The Baylor College of Medicine Human Genome Sequencing Center [BCM-HGSC], Houston TX; 122 

Broad Institute and Partners Laboratory for Molecular Medicine, Cambridge, MA. Broad used Illumina Rapid 123 

Capture probes for this panel and the BCM-HGSC used Roche-Nimblegen methods. Each group created in-124 

solution capture probes spanning the entire targeted regions of the eMERGEseq panel. Probes were designed 125 

to be complementary to specified exons or SNV sites with a minimum span of 100 nucleotides. Tiling was limited 126 

to exonic sequence and analyses included +/- 15 intronic flanking bases (Figure S1). 127 

Sample preparation: Clinical sites were requested to submit 2ug of extracted DNA within a concentration range 128 

of 30-50 ng/ul. Although DNA derived from blood was the specified sample for the program, BCM-HGSC 129 

revalidated the clinical assay and accepted saliva as a DNA source for a limited number of cases due to clinical 130 

site requirements. Once received by the sequencing center, specimens were quantified using a picogreen assay, 131 

and quality was assessed by gel. Specimens with a minimum of 600 ng of DNA that did not display high levels 132 

of degradation passed sample QC and were accepted for eMERGEseq testing. 133 

Sequencing and Primary Analysis: Samples from DNA capture using the custom capture reagents were 134 

sequenced using standard Illumina technologies. Post-sequence processing at each site utilized preferred 135 

alignment and variant calling algorithms. The variant calling pipeline at Broad incorporates Picard deduplication, 136 

BWA alignment, and GATK variant calling for SNVs and short InDels3. At the BCM-HGSC the alignment using 137 

BWA-MEM and variant calling using Atlas were instantiated within the Mercury Pipeline4. 138 

Panel Fill-in: A common set of reference samples were initially sequenced at each SC. The chosen parameters 139 

to monitor performance were coverage of targeted sequence and percentage of the targeted bases at or above 140 

20X coverage. Both groups sequenced cohorts of control samples and identified systematically poorly-covered 141 

bases as those with less than 20X coverage in >10% of tested samples. Based on this conservative threshold, 142 

.CC-BY-NC 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted November 1, 2018. ; https://doi.org/10.1101/457523doi: bioRxiv preprint 

https://paperpile.com/c/jASOg1/6Bw7
https://paperpile.com/c/jASOg1/B1qY
https://doi.org/10.1101/457523
http://creativecommons.org/licenses/by-nc/4.0/


6 
 

both groups went through a process of enriching with more targeting probes (‘fill-in’), to boost underperforming 143 

regions, prior to final validation. The reagent performance is described in Table 3, with additional details in 144 

supplementary Table S2. 145 

Copy Number Variant (CNV) Calling: CNV calling at Partners/Broad was performed using VisCap, which infers 146 

copy number changes from targeted sequence data by comparing the fractional coverage of each exon in a 147 

gene to the median of these values across all samples in a given sequencing run5. BCM-HGSC CNV calls were 148 

made via Atlas-CNV, in-house software that combines outputs from XHMM6,7 and the GATK DepthOfCoverage 149 

tool6. Like VisCap, Atlas-CNV infers the presence of CNVs from normalized coverage differences to other 150 

samples in the same sequencing batch, and refines these predictions with a pair of quality control metrics8. CNV 151 

calls were confirmed by orthogonal technology - Droplet Digital PCR (Bio-Rad, Hercules, CA) at Partners/Broad 152 

and Multiplex Ligation-dependent Probe Amplification (MRC-Holland, Amsterdam, Netherlands) at the BCM-153 

HGSC. Detected CNVs were filtered based on clinical site’s gene reporting preferences and ClinGen 154 

haplosensitivity and tri-sensitivity scores (https://search.clinicalgenome.org/kb/gene-dosage), and then manually 155 

reviewed. Partners/Broad required a minimum of three contiguous exons for reporting, BCM-HGSC required 156 

two. 157 

Analytical Validation: To validate sensitivity, specificity, and reproducibility of the eMERGEseq panel, the 158 

performance of both SCs was compared using a common reference sample (NA12878). In addition, each group 159 

separately examined previously tested clinical samples, containing known pathogenic variants that were uniquely 160 

available to their laboratory. Subsequent additional validation analyses were performed to accommodate lower 161 

DNA input amounts, based on sample availability (BCM-HGSC). 162 

Ongoing Proficiency: Ongoing proficiency testing involved interlaboratory exchange of previously tested 163 

eMERGE samples and CAP proficiency testing for general sequencing platforms with all results concordant to 164 

date (see Supplementary Materials: Supplemental Methods). 165 

 166 

 (iii) Variant Interpretation: 167 

General Approach to Interpretation: Variant classifications from both laboratories were based on 168 

ACMG/Association of Medical Pathology (ACMG/AMP) criteria with ClinGen Sequence Variant Interpretation 169 
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Working Group modifications as well as additional specifications for some of the eMERGEseq genes as 170 

established by ClinGen Expert Panels9.  Additional local data accrued from previous case studies was combined 171 

with manual literature and public data review for final decisions. Non-ACMG 56 genes underwent an in-depth 172 

clinical curation effort using the ClinGen framework for gene-disease validity assessment10.  173 

Legacy Variant Interpretation: In order to harmonize prior interpretations and to assess likely ongoing 174 

differences, the BCM-HGSC and Partners LMM exchanged data from 1,047 previously interpreted variants in 175 

the 109 eMERGE genes and evaluated discrepancies (see results). 176 

Ongoing Harmonization: Monthly data exchanges identified any differences of interpretation of non-PGx 177 

variants intended for clinical reporting. These discrepancies were reviewed during a bi-weekly 178 

interpretation/harmonization teleconference call. Cases of unresolvable variants were presented to the eMERGE 179 

Clinical Annotation WG to attempt resolution and/or track their occurrence. All reported variants are submitted 180 

to ClinVar with their interpretations. 181 

Pharmacogenomics (PGx): The SCs worked with the eMERGE PGx working group to: select variants to be 182 

included on the clinical reports provided to participants; interpret diplotypes; and select drugs for therapeutic 183 

recommendations, guided by CPIC guidelines. Twenty PGx variants in seven genes were deemed to be clinically 184 

actionable and selected for return to participants. Table S4 includes details of the PGx genes and variants 185 

reported and the drugs associated. For two PGx genes, CYP3A5 and SLCO1B1, the gene panel included only 186 

one of three variants discussed in the CPIC guidelines. CYP3A5 was deemed not reportable, as two SNVs 187 

important for predicting phenotype for African Americans and Latinos are not included on the gene panel. 188 

SLCO1B1 was deemed reportable, as the one SNV included in the panel serves as a tag SNV for the remaining 189 

two SNVs.  190 

The BCM-HGSC included PGx results on individual patient reports, while Partners LMM produced a batch report 191 

that accommodates one to hundreds of patients for bulk consumption and EHR integration by sites. Sample PGx 192 

reporting formats can be found in the Supplemental Material (Sample eMERGE report HGSC-CL, LMM Sample 193 

PGx Batch Report). The CPIC drugs that were included in the PGx report were largely the same with some minor 194 

differences (see Table S4). 195 

  196 
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(iv) Data Management: 197 

Sample Intake: Each site was provided barcoded tubes by the SC for DNA shipping. Sample identifiers and 198 

metadata were uploaded using an ‘eMERGE requisitioning sheet’ via secure portals11,12. The requisitioning 199 

spreadsheet contains fields for sample information (name [optional], sex, date of birth/age, US state of residence, 200 

site-specific ID), as well as eMERGE-specific metadata including; patient ‘disease area’ (from a list defined by 201 

the network - see supplementary material for details), disease status and test indication, eMERGE project ID 202 

and barcode number on the tube. An additional option was to add phenotype terms in a free-text field, primarily 203 

based on the MonDO ontology and occasionally additional local codes largely derived from Human Phenotype 204 

Ontology (HPO) terms (See Supplemental Material: preferred indication terms). A simple .csv file structure was 205 

used by both SCs so that sites could upload all metadata at the time of sample batch shipment. For the BCM-206 

HGSC SC, the sample accession was directly into a cloud environment, managed by DNAnexus, while for the 207 

Partners-Broad site a custom portal operating in the Broad’s local environment was employed for intake followed 208 

by transfer to the GeneInsight system for analysis and reporting; all systems were HIPAA compliant. Local 209 

identifiers were then generated to track the samples as they progressed through DNA sequencing and variant 210 

calling. Orders were reviewed and approved by the SCs prior to sample shipping and accession. Upon receipt, 211 

the samples were subjected to volume and concentration quality control checks. 212 

Data Delivery and Reporting: Each SC developed custom reporting methods (see Supplementary Material for 213 

examples). Partners/Broad site users have a unique, password-protected account and are only able to view 214 

orders and metadata from their own site. The Broad portal authorization procedures are customized to allow for 215 

secure transfer of sequencing output files and metadata to both Partners and DNAnexus via APIs. The BCM-216 

HGSC sites are delivered reports from the DNAnexus environment via DNAnexus APIs. Users were provided 217 

individual logins for accessing pdf reports and structured content in a harmonized .xml format. 218 

GeneInsight: Partners/Broad sites used the commercial tool, GeneInsight (Sunquest Information Systems, 219 

Tucson, AZ), for local report management13. This tool was configured to create a De-identified Case Repository 220 

(DCR) which contains a de-identified record of all cases and associated variants from both Partners/Broad and 221 

the BCM-HGSC supported sites.  222 

DNAnexus Data Commons: The BCM-HGSC clinical sites were provided with two data access points in the 223 
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DNAnexus infrastructure. One provides a restricted space for accessing PHI-containing clinical reports, while 224 

another acts as a general space for the de-identified records of each case and associated variants. Users were 225 

provided individual logins and selectively granted access to one or both access points. Data for sites that were 226 

served by the BCM-HGSC were provided both .xml and .pdf formats, at the time of reporting. De-identified, 227 

structured versions of the Partners-Broad reports are downloaded from the DCR and also stored in the 228 

DNAnexus Data Commons projects, creating a comprehensive repository of de-identified clinical reports.  229 

Variant Updates: Two complementary mechanisms were developed to enable delivery of variant updates from 230 

the SCs to the sites as new evidence leading to a classification change becomes available. At Partners/Broad, 231 

individual participant results are stored in an eMERGE-specific instance of the GeneInsight database that is 232 

linked to Partners LMM’s GeneInsight instance enabling communication of variant updates14. If Partners updates 233 

a variant, sites that have signed up receive proactive notification emails if a reported variant identified in one or 234 

more of their cases is updated. Hyperlinks are provided in those emails that allow sites to directly access updated 235 

information on the variant in each case, which facilitates the choice to return an updated result to a participant. 236 

In addition, Partners is generating an .xml file for each variant interpretation change alert, which sites can 237 

consume through other electronic interfaces. At the BCM-HGSC, participant results are stored in a database that 238 

is routinely queried for variants with new actionable interpretations. If such a variant is found in a previously-239 

reported sample, an amended report is issued via DNAnexus and sites are notified. Variant updates are included 240 

in the ongoing variant interpretation harmonization process described above. 241 

 242 

(V) Data Freeze and Raw Data Storage: 243 

In order to analyze preliminary results from the eMERGE III eMERGEseq data, an interim freeze of samples 244 

sequenced by November 2017 was generated. These 15,754 samples (9633 from Baylor and 6121 Broad-245 

Partners) and the available associated data are described in detail in the Supplementary Material. The 246 

associated BAM, xml and vcf files are available on the eMERGE Commons, accessible to sites as well as outside 247 

investigators who apply for access (https://emerge.mc.vanderbilt.edu/collaborate/). Data are also submitted to 248 

dbGaP for controlled public access.  249 

  250 
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 RESULTS 251 

(i) Network Overview: 252 

The eMERGE III network established a Clinical and Discovery Platform that consists of 11 clinical study sites, 253 

two DNA SCs and a coordinating center (CC) (Figure 1). Participants were enrolled at each site, blood collected, 254 

DNA extracted locally and sent to one of two SCs for targeted sequencing. Analysis and interpretation of the 255 

DNA sequence data was performed at each SC, and the data returned to the clinical sites for return to 256 

participants. Raw data were accrued for data mining purposes by eMERGE investigators and approved affiliates. 257 

Subsequently raw data are released to dbGaP and interpreted variants to ClinVar. 258 

An early decision of the program was to utilize DNA capture ‘panels’ of approximately 500 kb, in order to generate 259 

genomic data from the eMERGE participants, as an alternative to genotyping, whole exome sequencing (WES) 260 

or whole genome sequencing (WGS). This choice reflected a balance between available fiscal resources and a 261 

reasonable selection of content to explore return of actionable results and focused discovery efforts. The use of 262 

the panel enabled testing of 109 genes and approximately 1400 additional sites of single nucleotide variation in 263 

each sample. Across the network, ~25,000 samples are being assayed, ~2500 from each site. The study is 264 

therefore large enough to allow robust analysis of specific phenotypes, as well as to gain experience with a 265 

sufficient number of patients at each site to develop processes to support the return of actionable genetic results. 266 

Prior population studies suggested that the genes included on the panels would reveal thousands of newly 267 

identified single nucleotide and structural variants. A small subset of these would be expected to be pathogenic, 268 

and the program aimed to report to participants only those variants that were pathogenic or likely pathogenic 269 

according to the ACMG/AMP guidelines15, or those with actionable pharmacogenomic associations. In addition, 270 

it was aimed to provide data from the panel that informed possible pharmacological responses. Each site would 271 

have the option of a customized clinical reporting framework, as well as full access to all network data to guide 272 

decisions and harmonize interpretations. 273 

This elaborate network reflects a real-world situation, where a full complement of testing, reporting, and research 274 

require coordination and harmonization of many components. First, the selection of gene targets and the rules 275 

for reporting must agree. Next, the technical aspects of DNA capture and sequencing required standardization 276 

and ongoing comparison. The DNA changes must be interpreted and reported with the same conclusions, 277 
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regardless of where testing occurred. Finally, file structure standardizations and data management practices 278 

must be organized. A detailed list of components (Table 1) that require coordination and harmonization illustrates 279 

the magnitude of the challenge. 280 

(ii) Technical  Validation of Capture Panels:  281 

Coordination and harmonization of the DNA capture panel process at the two CAP/CLIA certified DNA 282 

sequencing laboratories was demanding because in addition to different DNA capture reagents, the local 283 

processes of sample preparation, library construction, hybrid capture, and sequencing represented complex 284 

workflows with many variables. As an alternative to compelling each laboratory to adopt unfamiliar methods, the 285 

harmonization was achieved through phases of coordinated design, comparing initial high level technical 286 

performance and via ongoing monitoring of proficiency (Figure 2a). The harmonization process aimed to reduce 287 

any impact on the overall program of the heterogeneity of capture reagents or sequencing methods between two 288 

sites and for the end users to be able to compare data from each laboratory without batch effects. 289 

 290 

Design was coordinated by first agreeing on the intended limits to reporting, e.g. number of bases adjacent to 291 

exons to be reported (see methods, Figure S1). Each laboratory employed slightly different criteria for the 292 

selection of the range of transcripts to be tested, reflecting a lack of harmony of public databases. Possible 293 

differences in design were resolved by selection of the union of all possible exons to be considered, and validated 294 

by iterative sharing of the capture design files (‘bed files’). The detailed design specifications can be found in 295 

Table S1. 296 

 297 

Preliminary testing of the technical performance of the two capture reagents utilized both local test samples and 298 

a shared sample reference set (see methods). The technical performance was shared between the SCs by 299 

measuring the coverage of individual bases and other key technical metrics (Table 3, Table S2). Overall 300 

sequence coverage goals and the extent to which poorly covered regions could be tolerated were agreed upon 301 

a priori, and the technical comparison was straightforward between SCs. In general, the sequencing reagents 302 

performed well, although the presence of some uncovered bases in the first panel designs led each group to 303 

modify the initial reagents to optimize performance (Figure 2b). Throughout, the comparative performance of the 304 
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two reagents informed the progress of technical development and illustrated the synergism from closely 305 

monitoring similar processes. 306 

For final validation, both groups measured overall sensitivity and specificity on a reference sample (NA12878) 307 

as well as sensitivity to detect known pathogenic variants from previously tested clinical samples that were 308 

uniquely available to them. Groups also incorporated evaluation of variance in processing including varying 309 

coverage from ~250X to 400X (Broad) and input amounts of 250 ng and 500 ng (Baylor). Summary results of 310 

the respective validation studies are shown in Table 3. Panel optimization results and coverage analyses can be 311 

found in Table S2. The impact of the ~0.2% of targeted bases that were not effectively covered via the optimized 312 

panel designs was evaluated by the network for impact on clinical decision making. The majority of missing data 313 

was judged to be of little consequence although small regions of some genes (e.g. RYR1, CACNA1B) could not 314 

be recovered by either platform. 315 

Once the data production phase of the program was initiated, the ongoing performance was monitored by sharing 316 

production metrics and via the ongoing CAP/CLIA proficiency program that included exchange of samples and 317 

comparison of DNA variation data. As of this publication, mean coverage of Broad production samples is ~420X, 318 

% of targeted bases covered ≥20X is 99.7%, and % of targeted bases with zero coverage is 0.17%. These 319 

metrics, collected from >7000 production samples, closely match the performance of the validation set.  Mean 320 

coverage of the BCM-HGSC production samples is ~340X, % of targeted bases covered ≥20X is 99.8%, and % 321 

of targeted bases with zero coverage is 0.04%. These metrics, collected from >9600 production samples, also 322 

closely match the performance of the validation set. 323 

 324 

(iii) Clinical Content Validation and Site-Specific Return of Results Plans: 325 

Gene selection by sites for inclusion on the eMERGEseq panel was driven by both clinical and research needs 326 

leading to a final list for panel design of 109 genes, including the “ACMG56”2 and 53 additional site selected 327 

genes. Evidence review using the ClinGen gene-disease validity framework identified 35 of the additional 53 328 

genes as having definite or strong association to disease. These genes were considered for further actionability 329 

analyses (See Figure 3). Most of the 18 genes with lower levels of validity were included by sites to enable 330 
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research on these genes, reflecting the diverse goals of the eMERGE network including discovery as well as 331 

return of results. 332 

 333 

A subset of the 1415 site submitted SNVs were for fingerprinting and ancestry, HLA, or PGx categories, or have 334 

been previously classified as likely benign or benign and were thus excluded for further analyses of potential 335 

pathogenicity. The remaining 136 variants were considered for further clinical assessment. Seventy three 336 

variants were classified as either likely pathogenic or pathogenic by at least one of the SCs. Of these, 19  had 337 

discrepant classifications between the two SCs. These were resolved by variant re-assessment and scoring on 338 

published evidence as well as combined internal evidence from both SCs. For two variants, the eMERGE Clinical 339 

Annotation WG was consulted to assist in resolving interpretation differences. A final list of 69 pathogenic/likely 340 

pathogenic variants was established and further considered for actionability analyses (Figure 3). 341 

 342 

The eMERGE Clinical Annotation WG evaluated the 35 non-ACMG56 strong/definitive genes and 69 associated 343 

pathogenic/likely pathogenic variants, based on whether there was a substantially increased risk of serious 344 

disease that could be prevented or managed differently if the risk were known. In addition to the ACMG56, 12 345 

genes and 14 variants were deemed actionable by the eMERGE Clinical Annotation WG and placed on a 346 

consensus list of returnable content (Table 2, Figure 3).  While sites agreed that this list represented content that 347 

would generally be returnable, some sites requested modifications be made to the consensus list based to their 348 

return of results plans (Figure 4). For example, of the 11 sites, one that included pediatric biobank participants 349 

opted not to report variants in genes that increase risk of adult onset diseases but are not actionable during 350 

childhood. Also, not all sites chose to return HFE p.Cys282Tyr homozygotes. Four other sites requested 351 

additional genes and SNVs that were not on the consensus list. A full list of the content that was returned for 352 

each site can be found in Table S3. Additionally, one site is returning variants of uncertain significance in 13 353 

colorectal cancer genes for a subset of their samples derived from a colorectal cancer cohort. Another clinical 354 

site requested genotypes at twelve SNP sites associated with low-density lipoprotein cholesterol (LDL-C) risk be 355 

included on their report.  356 

 357 
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(iv) Data Intake and Delivery: 358 

Data intake and delivery represented challenges for the network due to the plan to test distributed, 359 

heterogeneous EHR systems and other data sources used by sites and the need to deliver updated data 360 

interpretations. All demands were required to be met while managing issues of compliance and security for PHI 361 

protection. These challenges mimicked real-world situations as these are identical needs for any health care 362 

organization opting to interact with a research enterprise or reference laboratory. The data management required 363 

the development of three main informatic components: 364 

 365 

(a) Data intake: Data intake and accessioning for each site was facilitated by an agreement of the specific PHI 366 

metadata to be supplied with each sample, as well as an agreement of a set of required ‘indications for testing’ 367 

that represented the primary phenotype data that tracked each sample through the network (see Methods). 368 

 369 

(b) Clinical reporting: Within each pipeline, the standard validated product was a pdf report that was returned 370 

to the clinical investigators (see supplementary material for examples of reports: (Sample eMERGE report 371 

HGSC-CL, Sample eMERGE report HGSC-CL XML, Sample eMERGE report Partners Broad, Sample eMERGE 372 

report Partners Broad XML). Each clinical site had custom requirements for the report content, that reflected 373 

local preferences for data to be returned to patients. Each SC also had different reporting requirements – for 374 

example, some sites requested negative reports, others only returned positive reports16. Most sites also 375 

requested data in structured formats to enable direct integration onto their local EHRs. 376 

  377 

The five clinical sites served by the Partners-Broad CSG received results delivered through the GeneInsight 378 

platform, which enabled storage and query of clinical reports. The six sites served by the BCM-HGSC utilized 379 

custom applications developed for report delivery. Possible difficulties in data sharing between different parts of 380 

the network were anticipated and obviated by development of an agreed .xml standard. This standard was based 381 

upon the GeneInsight specifications and facilitated communication across all components (See Methods and17). 382 

  383 

The clinical sites therefore had two options – they could either use a stand-alone tool for report data management 384 
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or alternatively the report data could be parsed into local customized systems. 385 

  386 

For PGx data, in addition to receiving results in pdf reports (either individual reports by the BCM-HGSC, or batch 387 

reports by Partners-Broad), a standardized data format was also developed to deliver structured PGx data in the 388 

form of both variant level and diplotype results allowing sites to directly integrate PGx results into the EHR for 389 

clinical decision support. 390 

  391 

(c) Research and Discovery via Data Commons and the De-identified Case Repository: Finally, the network 392 

required all deidentified data to reside together, to enable data mining for both basic research and to better inform 393 

clinical decision making with access to larger clinical datasets. There were two independent but complementary 394 

mechanisms for this. First, the GeneInsight tool maintains a record of all returned variant data from both sites in 395 

a de-identified case repository allowing an easy search interface for clinically reported variants. 396 

  397 

A second site maintained the full set of eMERGE raw data in a cloud environment, managed by a middle-ware 398 

vendor, DNAnexus. This ‘eMERGE Commons’ was structured to house each DNA sequence file in the BAM 399 

format, as well as the annotations for the data in a vcf format. As clinical report delivery for the data generated 400 

in the Baylor SC also utilized the DNAnexus infrastructure, the full set of identified clinical reports and de-401 

identified raw data were both resident in the cloud. The access permissions for the data were managed to allow 402 

only the clinical providers to access their patients’ clinical reports. The full set of raw data was available to all 403 

eMERGE investigators as sensitive PHI information had been removed. 404 

 405 

(v) Variant Interpretation Harmonization: 406 

To ensure consistency of results being returned across the eMERGE consortium, variant interpretation was 407 

harmonized between the SCs (Figure 5). In a pre-test launch, both SCs exchanged variants in reportable genes 408 

from their respective databases, totalling 23,663 unique variants. Of those, 1047 were previously classified by 409 

both SCs. The pre-test lauch data exchange showed 90% concordance in variant classification among variants 410 

classified as VUS, likely pathogenic and pathogenic by at least one SC. When likely pathogenic and pathogenic 411 
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variants were grouped together, the concordance was 93%. When all variant classifications were considered, 412 

including benign vs likely benign, the data showed a 67.5% concordance. However, only 28, or 3% of the variants 413 

were deemed to affect reporting (VUS vs pathogenic 1.9%, VUS vs likely pathogenic 1.1%). The two SCs 414 

resolved all differences that would affect inclusion on clinical reports (i.e. pathogenic/likely pathogenic versus 415 

VUS).  416 

An ongoing process was also developed to ensure continuous harmonization of variant interpretation (Figure 5). 417 

As of October 2018, 23 initial discrepancies of interpretation of variants from five disease areas were considered, 418 

based upon potential to affect report inclusion. Most variants (83%) were immediately resolved when re-419 

assessed by the SCs, using ACMG guidelines, incorporating additional laboratory-specific evidence, after 420 

defining returnable phenotypes in genes with multiple disease associations (for example malignant hyperthermia 421 

vs. myopathy for RYR1), or defining terminology for lower penetrance/risk variants. For one variant, resolution 422 

required input from additional eMERGE investigators through the eMERGE Clinical Annotation WG. 423 

Three variants (p.Ile1307Lys in APC, p.Met54Thr in KCNE2, and p.Asp85Asn in KCNE1) were noteworthy as 424 

the interpretations were more discrepant upon initial assessment (i.e. ‘two-steps’: pathogenic vs likely benign), 425 

although the evidence used by both centers was identical. These represented variants that have significantly 426 

reduced penetrance, leading to difficulties applying the ACMG/AMP classification framework, which is designed 427 

primarily for highly penetrant Mendelian disorders. Nevertheless, some sites chose to return the APC variant as 428 

it imparts a two-fold risk of colorectal cancer in Ashkenazi Jewish individuals, even though its effect in other 429 

populations in unclear. Other sites elected to return the KCNE2 variant, as it has been associated with variable 430 

presentations such as arrhythmias, sinus bradycardia and long QT syndrome18–201. This type of classification 431 

discordance highlights the need for guidance on classification terminology for low penetrance variants for not 432 

only the eMERGE network, but for the entire medical genetics community. 433 

(vi) Return of Results and Aggregate Findings: 434 

As of December 2017, 15,754 cases had been collected and analyzed via the eMERGEseq panel. To coordinate 435 

analyses, these samples were included in a ‘data freeze’ termed ‘eMERGEseq Data Freeze 1.0’ (see 436 

supplementary methods). All of the 15,754 data freeze samples have passed through at least the primary variant 437 
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assessment and review stage. For these assessed cases, a total of 1,913,377 variants were detected. A subset 438 

of these were excluded from further analyses due to a LB/B classification by the SCs or by an auto-classification 439 

pipeline based on allele frequency thresholds, or for having a low quality score. The remaining variants 440 

underwent a filtration process which returns a) predicted loss of function variants with a minor allele frequency 441 

(MAF) <1%, b) variants previously classified by the SCs as Likely Pathogenic(LP)/Pathogenic(P) regardless of 442 

MAF, and c) ClinVar P/LP as well as HGMD “DM” variants with a MAF<5%. This pipeline resulted in 4786 unique 443 

variants requiring further assessment. After expert review, these were further categorized as Benign (1%), Likely 444 

Benign (8%), VUS (69%), LP (7%), P (12%) or deemed as low penetrance risk alleles (0.5%).  In addition, 95 445 

unique copy number variants have been detected across the reviewed samples, with 74 gains and 34 losses. Of 446 

these, 35% were deemed reportable and were returned to sites. In summary, these data lead to a total of 679 447 

cases projected to have a LP/P variant that would require a positive report to be issued. 448 

 449 

Results being returned to sites currently fall into three categories: 1) Indication-based returnable results that 450 

include all sequence and copy number variants related to the site-provided indication for testing, 2) non-451 

indication-based consensus returnable results that include all sequence and copy number variants in genes and 452 

SNVs comprising the consensus list of returnable content (see clinical content validation section) that are not 453 

related to indication for testing, and thus considered secondary findings and 3) non indication-based site-specific 454 

returnable results which include variants in additional site-requested genes that are not on the consensus list 455 

and not related to the indication for testing. Additionally, both SCs are returning results on pre-selected PGx 456 

SNVs as either addendums to individual patient reports or in a batch report that contains up to ~185 samples 457 

(See Methods).   458 

 459 

The positive rate for each category of findings is depicted in Figure 6. For the 15,754 cases that have been 460 

reviewed, 5,909 (38%) had an indication for testing. Of these, 115 (1.95%) had positive findings relevant to the 461 

indication for testing. Moreover, of the 15,754 individuals sequenced, 681 (4.5%) had additional/secondary 462 

findings of medical significance in genes and SNVs from the consensus list, that are being returned to 463 

participants. About 4,073 participants (26%) were enrolled in sites who were interested in returning Pathogenic 464 
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and/or Likely Pathogenic variants in additional genes or SNVs that were not on the consensus list. In 153 cases 465 

(3.5%), a non-indication based, site specific returnable Pathogenic or Likely Pathogenic variant was identified. 466 

About half of these variants were in the CHEK2 tumor suppressor gene, and are associated with an increased 467 

risk for a variety of cancers. Other variants were found in genes associated with cardiac disease, familial 468 

hypercholesterolemia and hemochromatosis (Figure 6). For indication-based assessments, detection rates were 469 

highest for hyperlipidemia (44%), colorectal cancer/polyps (34%) and breast/ovarian cancer (19%). Some 470 

phenotypes had no disease-causing variants identified due to either the absence of genes causative for the 471 

disorders on the eMERGEseq panel or the lack of a clear monogenic disease etiology for the disorder (e.g. 472 

abnormality of pain sensation, pediatric migraine). The rate of Pathogenic/Likely Pathogenic variants detected 473 

in participants without a clinical indication differed from site to site, ranging from 1.8% to 17%, depending upon 474 

the basis for participant selection, which were reflective of the underlying study designs of the individual sites. 475 

The overall positive rate for secondary findings was skewed higher for one site given that 1251 participants of 476 

the Geisinger cohort were preselected for a suspicious variant in a parallel exome study21. On the other hand, 2 477 

sites had lower rates than expected either because their cohort had an indication related to genes in the 478 

secondary findings list that led to the removal of these genes from secondary findings reporting or because the 479 

site did not choose to return all results from the consensus list. When data from Geisinger participants 480 

preselected for a suspicious variants were excluded, the frequency of secondary findings was similar across 481 

sites, ranging from 2.7% to 4.9%, suggesting that the complexity of the network did not distort these results, and 482 

reflecting the success of the data and process harmonization. A further analysis of the factors that influence the 483 

rate of secondary findings return is underway (A. Gordon et al., 2018, American Society of Human Genetics, 484 

abstract). 485 

 486 

For PGx results, reports depicting genotype and related diplotype data, including whether the reported diplotype 487 

for each gene and resulting phenotype would result in a recommendation to modify dosage, have been used for 488 

approximately 9,000 participants from seven sites. Overall, the frequency of the reported diplotypes were 489 

concordant with the CPIC published frequency tables for each major race/ethnic group22. 490 

 491 
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One difference for diplotype interpretation was particularly informative. When both rs1800460 and rs1142345 492 

are identified in the thiopurine methyltransferase (TPMT) gene, it cannot be ascertained whether these variants 493 

are in cis, resulting in a TPMT*1/*3A diplotype and intermediate metabolizer phenotype, or in trans, resulting in 494 

a TPMT*3B/*3C diplotype and a poor metabolizer phenotype. One SC emphasized the more common diplotype 495 

in their report, while the other emphasized the higher risk of the rarer diplotype under some drug regimens. With 496 

input from the sites and the eMERGE PGx working group, it was decided that the more common genotype would 497 

be reported with a warning that the rarer genotype could not be ruled out. 498 

  499 

The majority of returned data reflected variants with relatively clear interpretations for participants, with variants 500 

that either had a large body of published evidence or were straightforward to interpret. Several cases, however, 501 

reflect interesting and unexpected findings.  502 

  503 

The first finding involved what appeared to be a whole chromosome gain of chromosome 12. An NGS-based 504 

CNV calling algorithm detected a gain in all exons of six eMERGEseq genes on chromosome 12 (CACNA1C, 505 

PKP2, VDR, MYL2, HNF1A and POLE), which was confirmed by ddPCR. The CACNA1C and POLE genes are 506 

located near the telomeric end of the chromosome 12 p- and q- arms respectively, supporting a whole 507 

chromosome gain. Given that chromosome 12 trisomies are embryonic lethal, this CNV was assumed to be 508 

either of somatic origin or occuring as a mosaic variant. The former scenario is more likely as trisomy 12 is the 509 

most common somatic chromosomal aberration in chronic lymphocytic leukemia (CLL) but has also been 510 

observed in other B-cell lymphoproliferative disorders and is associated with a less favorable prognosis23. Rarely, 511 

trisomy 12 has been reported as a mosaic variant in individuals with a variety of clinical phenotypes ranging from 512 

reportedly normal to multiple congenital anomalies, dysmorphic features and developmental delay24–28. Most of 513 

these were identified prenatally, with less than 10 cases reported postnatally and even fewer detected in 514 

peripheral blood (for reviews see27,28). Additional clinical information provided by the site indicated that this 515 

patient has a complex medical history including diabetes, heart disease and a diagnosis of colorectal cancer at 516 

87. While this finding is from a blood draw in early January 2016, this individual’s last complete blood count in 517 

2010 showed no evidence of increased lymphocytes or any other abnormality suggesting a CLL diagnosis. While 518 
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this type of result was not anticipated within the reporting scope for eMERGE III, upon further consultation with 519 

the site, this finding was included in the clinical report of the individual to encourage additional testing and/or 520 

management. 521 

  522 

A second case with unexpected findings was associated with another copy number variant call. A duplication for 523 

all exons of the OTC and GLA genes, confirmed by ddPCR, was observed in a 40-year-old male not selected 524 

for phenotype. These genes are the only two present on the X chromosome on the eMERGEseq panel. Given 525 

that OTC and GLA are on the p and q arms respectively, the observed duplication is most likely a single event 526 

spanning the entire X chromosome. This is most consistent with a male with Klinefelter syndrome (47,XXY). 527 

Additional clinical information provided by the site confirmed a prior diagnosis of Klinefelter syndrome that had 528 

been confirmed by chromosomal karyotyping. Although a clinical report was not issued for this individual, these 529 

findings serve to further validate the sensitivity of NGS-based copy number calling.  530 

 531 

The third unexpected category of findings was that six individuals presented with apparently mosaic variants in 532 

genes that predispose to cancer or cardiomyopathy (TP53, CHEK2, ATM, MYH7). The presence of mosaics was 533 

based upon the ascertainment of allelic variants that were present in <30% of the DNA sequence reads at the 534 

variant site. Initial observations were screened manually to eliminate false positives due to mis-mapping to 535 

pseudogene sites or other technical errors. The presence of the mosaic variants was subsequently confirmed 536 

by Sanger sequencing and clinical reporting offered to the referring sites. 537 

  538 

 539 

DISCUSSION: 540 

The introduction of clinical sequencing into the phase III of the eMERGE network has provided a framework for 541 

large-scale clinical translation of genomic data in healthcare, as well as for the seamless integration of research 542 

studies into clinical data management. The network integrated a large number of research groups with diverse 543 

interests, and a common mission to deliver genomic health care. To stimulate and address challenges for the 544 

.CC-BY-NC 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted November 1, 2018. ; https://doi.org/10.1101/457523doi: bioRxiv preprint 

https://doi.org/10.1101/457523
http://creativecommons.org/licenses/by-nc/4.0/


21 
 

delivery of genomic medicine, a large number of samples were tested and state of the art methods for 545 

interpretation and data delivery were applied. 546 

  547 

A primary driver for the study design was cost and therefore a gene-panel was chosen as a primary platform for 548 

genomic analyses. Whole exome sequencing was considered. However, while exomes would have offered 549 

increased flexibility and saved time in design and testing, the network determined that a more focused target of 550 

~100 genes was needed to stay within the budget for testing all 25,000 participants. In addition, sites individually 551 

contributed research data on subjects using high density genotyping arrays allowing for genome-wide 552 

association studies which are not discussed here. 553 

  554 

At the outset, the predictions were made as to the major challenges that would be faced and the most likely 555 

obstacles to achieving a smooth flow of clinical results, while maintaining access to research data. However, 556 

most of the challenges were not anticipated. For example, one challenge was the variety of different consents 557 

used to support the process as each site had a unique consent form and approach for their biobank and these 558 

consents sometimes stipulated requirements inconsistent with the network-wide decisions being made. As each 559 

site’s sequencing got started, these types of site-specific challenges were uncovered. Many sites altered their 560 

decisions around the reportable content and details of their reporting needs (e.g. which genes were reportable; 561 

whether negative reports were needed; whether reports should contain certain recommendations for genetic 562 

counseling, etc). There was evolving work around how to structure pharmacogenomic results to flow into EHRs 563 

and work to ensure the accurate provision of phenotypes from the sites to the SCs. One site needed 564 

accommodation for lower DNA input. These startup ‘hiccups’ led to significant delays in getting each site started 565 

with their sequencing and clinical reports. However, once a smooth workflow was developed for each site, the 566 

SCs were able to ramp up the rate of sequencing, interpretation and reporting.  For example, during the first half 567 

of the project 5713 cases were completed, versus 9525 cases completed during the second half. 568 

 569 

 570 

 571 
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CONCLUSIONS  572 

An important outcome of the study is the generation of real data that reflects the practicality of such a large-scale 573 

biobank study. The network has provided an accurate estimate of the frequency of returnable results within the 574 

interrogated gene set. Further, the study has established the ability for two sequencing sites to adequately 575 

harmonize both the technical and interpretive aspects of clinical sequencing tests, a critical achievement to the 576 

standardization of genomic testing. Furthermore, the eMERGE network has accomplished the integration of 577 

structured genomic results directly into multiple electronic health record systems, setting the stage for the use of 578 

clinical decision support to enable genomic medicine.  579 

 580 
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FIGURE TITLES AND LEGENDS 833 

Figure 1: eMERGE III Network Overview. The eMERGE III network is comprised of 11 study sites, two 834 

sequencing centers (SCs) and a coordinating center (CC). The different components and processes involved in 835 

the data flow across both the clinical and research discovery arms of the network are highlighted in this figure 836 

and described in more detail in the network overview section. 837 

 838 

Figure 2: eMERGEseq Panel Test Development and Validation.  839 

a. Technical Harmonization of Two DNA Capture Panels. Coordination and harmonization of all the 840 

components of the DNA gene capture panel process at the two sequencing centers. 841 

 842 

b. Base Coverage. Percentage of bps covered ≥20X Across Sequencing Centers. % of bases in the panel 843 

targeted region covered in each version of the panel design and the extent to which these bases overlap between 844 

the genome centers is shown. Version 2 is the final version used for data generation.   845 

 846 

Figure 3: Content Development for the eMERGEseq Panel 847 

Left panel: ClinGen gene-disease validity assessment for all site top 6 proposed genes. Those with definite 848 

and strong association to disease were considered for further actionability analyses.   849 

Middle panel: Clinical assessment for a subset of single nucleotide variants (SNVs). Those deemed 850 

Pathogenic/Likely Pathogenic were considered for actionability analyses.  851 

Right panel: Final consensus list of returnable content. This included all the ACMG56 genes, in addition to 852 

12 genes and 14 variants were deemed actionable by the eMERGE Clinical Annotation Working Group. 853 

 854 

Figure 4: Site specific reportable list of genes/SNPs for which Pathogenic or Likely Pathogenic 855 

variants will be returned 856 

a. Consensus List. Consensus list of returnable SNPs/Genes with site-specific exclusions indicated with a 857 

blue dot  858 

b. Site specific List. Non-consensus Genes/SNPs with site-specific inclusions indicated with a green dot 859 
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 860 

Figure 5: Variant harmonization process overview. 861 

Left panel: Pre-launch and post-launch harmonization processes involving the exchange of variants in 862 

reportable genes between the sequencing centers and the identification, prioritization and the resolution of 863 

discrepancies affecting report inclusion. 864 

 865 

Figure 6: Aggregate findings returned to sites 866 

The positive rate for each category of returnable findings for 15,754 participants from the eMERGESeq 867 

Data Freeze 1.0 is shown. For those with an indication for testing, the different indications are depicted (left). 868 

Secondary findings from the consensus gene list across the entire Data Freeze 1.0 cohort are broken down per 869 

disease area (middle). For a subset of participants, the number of Pathogenic and Likely Pathogenic variants in 870 

site-specific additional genes that are not on the consensus list are shown (right).  871 
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TABLES: 887 

Table 1: Items to be harmonized 888 

Item Challenge Comments 

Collection Sites Sample Type Agreed to blood*^ 

  Sample Quality Minimal quantity specified* 

  Intake Formats Standard tables supplied to sites 

  Phenotypes Not shared unless indication for testing 

  Patient ID structure Naming conventions 

  Indications for Testing Selected 40 ‘hard coded’ 

Assay Development Gene Targets Selected by consensus 

  Capture Strategy Agreed exons (+/- 15 bases)/SNPs; 

capture probes spanned min 100 bases 

  Capture Reagents Two platforms supported (Nimblegen 

and Illumina Rapid Capture) 

  Sanger Validation Rare variants always Sanger validated; 

For common SNVs, stopped validation 

after 5 confirmations 

  CNV Validation All CNVs by orthogonal technology 

Validation/Proficiency Technical 

performance/Coverage 

Min standards (200x; 95% coverage, etc) 

  Ongoing Proficiency Interlaboratory exchange or eMERGE 
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samples and use of standard CAP NGS 

PT 

Primary Analysis CNV Calling parameters 3+ exons 

  Pharmacogenomics Report variants and inferred diplotypes 

Variant Classification Initial Harmonization Required harmonization of all medically 

significant differences observed 5 or 

more times in tested genes 

  Ongoing classifications Required consensus between labs or 

elevation to Clinical Annotation WG for 

network consensus 

Report Content* Consensus content 68 genes and 14 SNVs 

  Site specific genes and 

SNVs 

See Figure 4 and Table S3 

  Updates Variant reclassifications provided 

Data Delivery Physicians Clinical 

reports 

Pdfs, Consumable xml structure; 

GeneInsight; 

  Network access to 

interpreted variants and 

de-identified reports 

GeneInsight deidentified case 

repository, 

DNAnexus Commons 

  Community Data 

Sharing 

dbGaP and ClinVar Submissions 

Progress Reporting Specimen progress Sequencing and reporting timelines 
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  Aggregate statistic 

reporting 

Rates of secondary findings; detection 

rates for indications 

*Exceptions contributed to extended TAT; ^ BCM-HGSC accepted saliva from some sites for a 889 

predetermined number of samples. 890 
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Table 2: Genes and SNVs on the eMERGEseq Panel 914 

A. List of 109 eMERGE genes, PGx and actionable SNVs 915 

Disease category Gene‡ 

Cancer susceptibility and tumor 
diseases  

APC, BLM (rs113993962), BMPR1A, BRCA1, BRCA2, CHEK2, 
MEN1, MLH1, MSH2 (including rs193922376), MSH6, MUTYH, 
NF2, PALB2, PMS2, POLD1, POLE, PTEN, RB1, RET, SDHAF2, 
SDHB, SDHC, SDHD, SMAD4, STK11, TP53, TSC1, TSC2, VHL, 
WT1 

Cardiac diseases ACTA2, ACTC1, ANK2, CACNA1C, DSC2, DSG2, DSP, GLA, 
KCNE1, KCNH2, KCNJ2, KCNQ1, LMNA, MYBPC3, MYH7, MYL2, 
MYL3, PKP2, PRKAG2, RYR2, SCN5A, TMEM43, TNNI3, TNNT2, 
TPM1 

Cholesterol and lipid disorders ANGPTL3, ANGPTL4, APOA5, APOB, APOC3, LDLR, PCSK9, 
PLTP, SLC25A40 
 

Endocrine disorders CYP21A2 (rs6467), HNF1A, HNF1B, MC4R, PON1 

Connective Tissue disorders COL3A1, COL5A1, FBN1, MYH11, MYLK, SMAD3, SLC2A10, 
TGFBR1, TGFBR2 

Neuromuscular diseases CACNA1A, CACNA1B, CACNA1S, RYR1 

Inborn errors of Metabolism  ACADM (rs77931234), ALDOB (rs77931234), BCKDHB 
(rs386834233, rs386834233), FAH (rs80338898), G6PC 
(rs1801175), CPT2 (rs397509431), OTC, MTHFR 

Immunological/Inflammatory disorders IL-33, IL-4, MEFV (rs28940579, rs61752717), TNF, TYK2 

Neurological/Psychiatric disorders APOE, ATM, ATP1A2, GRM1, GRM2, GRM5, GRM7, GRM8, 
NTRK1, SC1NA, SCN9A, TTR 

Respiratory disorders/hypertension BPMR2, CFTR, CORIN, SERPINA1 

Renal disorders CFH, UMOD 

Skeletal disorders TCIRG1, VDR 

Other F5 (clotting disorder; rs6025), FLG (dermatological), HFE (iron 
storage disorder; rs1800562), TCF4 (Pitt-Hopkins syndrome), TSLP 
(association with many complex disorders) 

PGx SNVs CYP2C9 (rs1799853, rs1057910), CYP2C19 (rs12248560, 
rs28399504, rs41291556, rs4244285, rs4986893, rs56337013, 
rs72552267, rs72558186), TPMT (rs1142345, rs1800460, 
rs1800462, rs1800584), SLCO1B1 (rs4149056), IFNL3/IFNL4 (aka 
IL28B; rs12979860), VKORC1 (rs9923231), DPYD (rs67376798, 
rs3918290, rs55886062) 

‡ ACMG56 genes are indicated in regular font, Actionable site TOP-6  genes are underlined, non-actionable 916 
TOP-6 genes are in italics, actionable SNVs are indicated by their rs number. 917 
 918 

 919 

 920 

 921 

 922 

 923 
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B. Additional information on eMERGEseq SNVs 924 
 925 

SNV Category Total 

Ancestry 241 

Fingerprinting 184 

Pharmacogenomics 125 

HLA (imputed) 272 

Actionable clinically significant (P/LP) 14 
(see above for more 
details) 
 

Non-actionable clinically significant 
(P/LP) 

55 

Non-actionable, not clinically 
significant (VUS and below) 

660 

TOTAL 1551 

 926 
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 944 

Table 3: Assay performance and optimization at the sequencing sites 945 

 BCM-HGSC Broad 

 
Acceptance 

Criteria 
Original Low Input 

Acceptanc

e Criteria 

Measured 

at ~250X 

MTC 

Measured 

at ~400X 

MTC 

Assay sensitivity (SNV + indel)  100% 100% ≥95% 100% 100% 

Assay sensitivity- CNV  97.7% 98.3% n/a 100%* n/a 

Assay specificity (point variant + 

indel) 
 100% 100% ≥95% 100% 100% 

Assay reproducibility ≥95% >98% >97% ≥95% 98.5% 99.6% 

% of >20X coverage for targeted 

regions 
≥99% >99% >99% ≥95% 99% 99% 

Depth of mean coverage >200X >200X  >200X  n/a ≥250X ≥400X 

*CNV sensitivity at Broad/LMM is for events ≥3 consecutive exons. 946 
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site-specific returnable results

(n=4,073)

a 4 reports had two pathogenic 
variants. Skewed positive rate due 
to one site with sample selection 
based on suspicious genotype 
(17% positive); b 8 patients had 2 
variants.

a 5 reported as carrier status
b 10 patients have two site specific 

variants or indication/non-
indication based variant. 

^ reported as carrier status

Indication Total Positive Negative Inconclusive

Colorectal cancer/Polyps* 2358 33 2151 174

Breast/Ovarian Cancera 145 25 120 n/a

Arrhythmia 71 0 71 n/a

Asthma 56 0 56 n/a

Cardiomyopathy 7 1 6 n/a

Chronic Kidney Disease 31 0 31 n/a
Obesity 20 0 20 n/a

Pulmonary Hypertension 17 0 17 n/a

Tubular Sclerosis Complex 5 5 0 n/a

Abnormality of pain sensation 584 0 584 n/a

Autistic Behavior 57 0 57 n/a

Ehlers-Danlos Syndrome 72 1 71 n/a

Hyperlipidemia*b 2612 50 2562 n/a

Pediatric Migraine 461 0 461 n/a

TOTAL 5909 115 5620 174
*  1 report had an additional secondary finding; aFindings from 68 consensus  genes 

except for two in CHEK2; b587 patients had colorectal cancer and hyperlipidemia 

# 86: Colorectal, 117:  Breast/ovarian, 25: 
MEN1/2, 15: Li-Fraumeni, 
14: Paraganglioma/Pheochromocytoma, 4: PTEN-
hamartoma , 4: VHL, 3: TSC, 1: CLL (somatic), 1: 
Wilm’s tumor

Other: includes Immunological/inflammatory disorders, inborn 
errors of metabolism, Myhre syndrome and neuromuscular 
diseases
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