Doc Code: CRF.TRNS.REQ

Document Description: Request for Transfer of a Computer Readable Form PTO/SB/93 (11-14)
Approved for use through 07/31/2019. OMB 0651-0024

U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE

Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it displays a valid OMB control number.

REQUEST FOR TRANSFER OF A COMPUTER READABLE FORM

UNDER 37 CFR 1.821(e)
Application No.: First Named Inventor: Jesse SALK
Filing Date: 2021-08-02 Practitioner Docket No.: | (072227-8043.US24

Title of the Invention: | METHODS OF LOWERING THE ERROR RATE OF MASSIVELY PARALLEL DNA SEQUENCING USING DUPLEX CONSENSUS SEQUENCING

The sequence information in the paper copy or PDF file of the Sequence Listing submitted in this application in
accordance with 37 CFR 1.821(c),

@ as part of the originally-filed specification of this application
[ as a separate amendment of the specification filed

[J herewith

[ on

is identical to the sequence information in the

W only computer readable form
[ last filed computer readable form

[ other computer readable form, which was filed on

in application number 15/660,785 , which was filed on 07/26/2017

This computer readable form was compliant with 37 CFR 1.821-1.825, and applicant hereby requests that it be
used as the computer readable form for the present application, in accordance with 37 CFR 1.821(e).

The above referenced paper copy or PDF file of the Sequence Listing contains no new matter.

A sequence listing text file submitted via EFS-Web that complies with the requirements of 37 CFR 1.824(a) (2)-(6)
and (b) (i.e., is a compliant sequence listing ASCII text file), serves as both the paper copy required by 37 CFR
1.821(c) and the CRF required by 37 CFR 1.821(e). If a user submits a compliant sequence listing ASCII text file
via EFS-Web, the U.S. Patent and Trademark Office will not carry out a request to use a compliant computer
readable “Sequence Listing” that is already on file for another application pursuant to 37 CFR 1.821(e) but will use
the sequence listing submitted with the application as originally filed via EFS-Web.

It is understood that upon the transfer of a copy of the computer readable form to this application, the U.S. Patent
and Trademark Office will update the copy of the computer readable form to reflect the application number and
filing date for this application.

signature’ LAFA J. Dueppen/ b 2021-08-02
Name Lara J Dueppen Practitioner 65002

(Print/Typed) Registration Number

Note: This form must be signed in accordance with 37 CFR 1.33. See 37 CFR 1.4(d) for signature requirements and certifications.
Submit multiple forms if more than one signature is required. ™

|:| *Total of —___ forms are submitted.

This collection of information is required by 35 U.S.C. 22 and 37 CFR 1.821-1.825. The information is required to obtain or retain a benefit by the public, which is to
file (and by the USPTO to process) an application. Confidentiality is governed by 35 U.S.C. 122 and 37 CFR 1.11 and 1.14. This collection is estimated to take 6
minutes to complete, including gathering, preparing, and submitting the completed application form to the USPTO. Time will vary depending upon the individual
case. Any comments on the amount of time you require to complete this form and/or suggestions for reducing this burden should be sent to the Chief Information
Officer, U.S. Patent and Trademark Office, U.S. Department of Commerce, P.O. Box 1450, Alexandria, VA 22313-1450. DO NOT SEND FEES OR COMPLETED
FORMS TO THIS ADDRESS.
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Privacy Act Statement

The Privacy Act of 1974 (P.L. 93-579) requires that you be given certain information in connection with your
submission of the attached form related to a patent application or patent. Accordingly, pursuant to the requirements of
the Act, please be advised that: (1) the general authority for the collection of this information is 35 U.S.C. 2(b)(2); (2)
furnishing of the information solicited is voluntary; and (3) the principal purpose for which the information is used by the
U.S. Patent and Trademark Office is to process and/or examine your submission related to a patent application or
patent. If you do not furnish the requested information, the U.S. Patent and Trademark Office may not be able to
process and/or examine your submission, which may result in termination of proceedings or abandonment of the
application or expiration of the patent.

The information provided by you in this form will be subject to the following routine uses:

1. The information on this form will be treated confidentially to the extent allowed under the Freedom of
Information Act (5 U.S.C. 552) and the Privacy Act (5 U.S.C 552a). Records from this system of records may
be disclosed to the Department of Justice to determine whether disclosure of these records is required by the
Freedom of Information Act.

2. Arecord from this system of records may be disclosed, as a routine use, in the course of presenting evidence
to a court, magistrate, or administrative tribunal, including disclosures to opposing counsel in the course of
settlement negotiations.

3. Avrecord in this system of records may be disclosed, as a routine use, to a Member of Congress submitting a
request involving an individual, to whom the record pertains, when the individual has requested assistance from
the Member with respect to the subject matter of the record.

4. Arecord in this system of records may be disclosed, as a routine use, to a contractor of the Agency having
need for the information in order to perform a contract. Recipients of information shall be required to comply
with the requirements of the Privacy Act of 1974, as amended, pursuant to 5 U.S.C. 552a(m).

5. Avrecord related to an International Application filed under the Patent Cooperation Treaty in this system of
records may be disclosed, as a routine use, to the International Bureau of the World Intellectual Property
Organization, pursuant to the Patent Cooperation Treaty.

6. Arecord in this system of records may be disclosed, as a routine use, to another federal agency for purposes
of National Security review (35 U.S.C. 181) and for review pursuant to the Atomic Energy Act (42 U.S.C.
218(c)).

7. Arecord from this system of records may be disclosed, as a routine use, to the Administrator, General
Services, or his/her designee, during an inspection of records conducted by GSA as part of that agency’s
responsibility to recommend improvements in records management practices and programs, under authority of
44 U.S.C. 2904 and 2906. Such disclosure shall be made in accordance with the GSA regulations governing
inspection of records for this purpose, and any other relevant (i.e., GSA or Commerce) directive. Such
disclosure shall not be used to make determinations about individuals.

8. A rrecord from this system of records may be disclosed, as a routine use, to the public after either publication of
the application pursuant to 35 U.S.C. 122(b) or issuance of a patent pursuant to 35 U.S.C. 151. Further, a
record may be disclosed, subject to the limitations of 37 CFR 1.14, as a routine use, to the public if the record
was filed in an application which became abandoned or in which the proceedings were terminated and which
application is referenced by either a published application, an application open to public inspection or an issued
patent.

9. Arecord from this system of records may be disclosed, as a routine use, to a Federal, State, or local law
enforcement agency, if the USPTO becomes aware of a violation or potential violation of law or regulation.
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Electronic Patent Application Fee Transmittal

Application Number:

Filing Date:

Title of Invention:

METHODS OF LOWERING THE ERROR RATE OF MASSIVELY PARALLEL DNA
SEQUENCING USING DUPLEX CONSENSUS SEQUENCING

First Named Inventor/Applicant Name:

Jesse SALK

Filer:

Lara J. Dueppen/Jonathan Petrovich

Attorney Docket Number:

072227-8043.US24

Filed as Large Entity

Filing Fees for Track | Prioritized Examination - Nonprovisional Application under 35 USC 111(a)

Description Fee Code Quantity Amount Sull)j-s'l'g(tsa\)l in
Basic Filing:
UTILITY APPLICATION FILING 1011 1 320 320
UTILITY SEARCH FEE 1111 1 700 700
UTILITY EXAMINATION FEE 1311 1 800 800
REQUEST FOR PRIORITIZED EXAMINATION 1817 1 4200 4200
Pages:
Claims:

Miscellaneous-Filing:
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Description Fee Code Quantity Amount Sull)j-s'l'g(tsa\)l in
PUBL. FEE- EARLY, VOLUNTARY, OR NORMAL 1504 1 0 0
PROCESSING FEE, EXCEPT PROV. APPLS. 1830 1 140 140
Petition:
Patent-Appeals-and-Interference:
Post-Allowance-and-Post-Issuance:
Extension-of-Time:
Miscellaneous:
Total in USD ($) 6160
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Electronic Acknowledgement Receipt

EFS ID: 43408147

Application Number: 17392185

International Application Number:

Confirmation Number: 1013

METHODS OF LOWERING THE ERROR RATE OF MASSIVELY PARALLEL DNA

Title of Invention: SEQUENCING USING DUPLEX CONSENSUS SEQUENCING

First Named Inventor/Applicant Name: Jesse SALK
Customer Number: 94991
Filer: Lara J. Dueppen/Jonathan Petrovich
Filer Authorized By: Lara J. Dueppen
Attorney Docket Number: 072227-8043.US24
Receipt Date: 02-AUG-2021
Filing Date:
Time Stamp: 21:40:31
Application Type: Utility under 35 USC 111(a)

Payment information:

Submitted with Payment yes

Payment Type DA

Payment was successfully received in RAM $6160

RAM confirmation Number E202182L40544498
Deposit Account 500665
Authorized User Jonathan Petrovich

The Director of the USPTO is hereby authorized to charge indicated fees and credit any overpayment as follows:

37 CFR 1.16 {National application filing, search, and examination fees)

37 CFR 1.17 (Patent application and reexamination processing fees)
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37 CFR 1.19 (Document supply fees)
37 CFR 1.20 {Post Issuance fees)

37 CFR 1.21 {Miscellaneous fees and charges)

File Listing:
Document - . File Size(Bytes Multi Pages
Document Description File Name ( y i . . 9
Number Message Digest | Part/.zip| (ifappl.)
118847
2021-08-02-Track1-
no 2
! TrackOne Request Request-072227-8043U524.PDH
353bd179dca2f61e7c30f2fe117ef3ac3e509)
14b
Warnings:
Information:
1823681
- 2021-08-02_ADS_722278043U
2 Application Data Sheet $24 PDE no 9
2729a5efd34fee17a8beS5d7fc1fd972a4c52
5c3b
Warnings:
Information:
605299
2021-08-02-Track-1-CON-
3 Specification-072227-8043US2 yes 54
4_pdf €357252819fd1560aaSec7beald48913df6
Multipart Description/PDF files in .zip description
Document Description Start End
Specification 1 50
Claims 51 53
Abstract 54 54
Warnings:
Information:
2154704
4 Drawings-other than black and white 2021-08-02- o 12
line drawings Figures-072227-8043US24.PDF
6be83411e6fb475b03e876e7a5466701096|
Warnings:
Information:
2170550
2021-08-02-
5 Oath or Declaration filed Declarations-072227-8043US24 no 3
PDF 475906642408512fe392ba5c156ae889a79

4b3ea
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Warnings:

Information:

236858
6 Request for Transfer of a Computer 2021-08-02-CRF-Transfer- o 2
Readable Form Request-072227-8043US24.PDH
e03d4fa7bbf7113dfb980bch5b631420b05
7c87
Warnings:
Information:
17135
2021-08-02_Parent_Sequence_|
7 Sequence Listing Listing_PDF_072227-8043US24 no 3
PDF 2acc05c37549e5a34bfee5730900543102b,
18677
Warnings:
Information:
50954
8 Fee Worksheet (SB06) fee-info.pdf no 2
71d7e7c7alcce63298e43f9b465ba566e24|
5929f
Warnings:
Information:
Total Files Size (in bytes): 7178028

This Acknowledgement Receipt evidences receipt on the noted date by the USPTO of the indicated documents,
characterized by the applicant, and including page counts, where applicable. It serves as evidence of receipt similar to a
Post Card, as described in MPEP 503.

New Applications Under 35 U.S.C. 111

If a new application is being filed and the application includes the necessary components for a filing date (see 37 CFR
1.53(b)-(d) and MPEP 506), a Filing Receipt (37 CFR 1.54) will be issued in due course and the date shown on this
Acknowledgement Receipt will establish the filing date of the application.

National Stage of an International Application under 35 U.S.C. 371

If a timely submission to enter the national stage of an international application is compliant with the conditions of 35
U.S.C. 371 and other applicable requirements a Form PCT/DO/EO/903 indicating acceptance of the application as a
national stage submission under 35 U.S.C. 371 will be issued in addition to the Filing Receipt, in due course.

New International Application Filed with the USPTO as a Receiving Office

If a new international application is being filed and the international application includes the necessary components for
an international filing date (see PCT Article 11 and MPEP 1810}, a Notification of the International Application Number
and of the International Filing Date (Form PCT/RO/105) will be issued in due course, subject to prescriptions concerning
national security, and the date shown on this Acknowledgement Receipt will establish the international filing date of
the application.
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Doc Code: TRACK1.REQ

Document Description: TrackOne Request
PTO/AIA/424 (04-14)

CERTIFICATION AND REQUEST FOR PRIORITIZED EXAMINATION
UNDER 37 CFR 1.102(e) (Page 1 of 1)

First Named Nonprovisional Application Number (if
Inventor: Jesse SAI—K known):
Eezn(;ifon' METHODS OF LOWERING THE ERROR RATE OF MASSIVELY PARALLEL DNA SEQUENCING USING DUPLEX CONSENSUS SEQUENCING

APPLICANT HEREBY CERTIFIES THE FOLLOWING AND REQUESTS PRIORITIZED EXAMINATION FOR
THE ABOVE-IDENTIFIED APPLICATION.

1. The processing fee set forth in 37 CFR 1.17(i)(1) and the prioritized examination fee set forth in
37 CFR 1.17(c) have been filed with the request. The publication fee requirement is met
because that fee, set forth in 37 CFR 1.18(d), is currently $0. The basic filing fee, search fee,
and examination fee are filed with the request or have been already been paid. | understand
that any required excess claims fees or application size fee must be paid for the application.

2. | understand that the application may not contain, or be amended to contain, more than four
independent claims, more than thirty total claims, or any multiple dependent claims, and that
any request for an extension of time will cause an outstanding Track | request to be dismissed.

3. The applicable box is checked below:

I. [v] Original Application (Track One) - Prioritized Examination under § 1.102(e)(1)

i. (a) The application is an original nonprovisional utility application filed under 35 U.S.C. 111(a).
This certification and request is being filed with the utility application via EFS-Web.
—--OR---
(b) The application is an original nonprovisional plant application filed under 35 U.S.C. 111(a).
This certification and request is being filed with the plant application in paper.

ii. An executed inventor's oath or declaration under 37 CFR 1.63 or 37 CFR 1.64 for each
inventor, or the application data sheet meeting the conditions specified in 37 CFR 1.53(f)(3)(i) is
filed with the application.

Il. [ ] Request for Continued Examination - Prioritized Examination under § 1.102(e)(2)

i. A request for continued examination has been filed with, or prior to, this form.

ii. Ifthe application is a utility application, this certification and request is being filed via EFS-Web.

iii. The application is an original nonprovisional utility application filed under 35 U.S.C. 111(a), oris
a national stage entry under 35 U.S.C. 371.

iv. This certification and request is being filed prior to the mailing of a first Office action responsive
to the request for continued examination.

v. No prior request for continued examination has been granted prioritized examination status
under 37 CFR 1.102(e)(2).

signature/ -@TA J. Dueppen/ oo 2021-08-02
e e LA J. Dueppen e umbor OO0 02

Note: This form must be signed in accordance with 37 CFR 1.33. See 37 CFR 1.4(d} for signature requirements and certifications.
Submit multiple forms if more than one signature is required. ™

forms are submitted.

D *Total of
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Privacy Act Statement

The Privacy Act of 1974 (P.L. 93-579) requires that you be given certain information in connection with your
submission of the attached form related to a patent application or patent. Accordingly, pursuant to the requirements of
the Act, please be advised that: (1) the general authority for the collection of this information is 35 U.S.C. 2(b)(2); (2)
furnishing of the information solicited is voluntary; and (3) the principal purpose for which the information is used by the
U.S. Patent and Trademark Office is to process and/or examine your submission related to a patent application or
patent. If you do not furnish the requested information, the U.S. Patent and Trademark Office may not be able to
process and/or examine your submission, which may result in termination of proceedings or abandonment of the
application or expiration of the patent.

The information provided by you in this form will be subject to the following routine uses:

1. The information on this form will be treated confidentially to the extent allowed under the Freedom of
Information Act (5 U.S.C. 552) and the Privacy Act (5 U.S.C 552a). Records from this system of records may
be disclosed to the Department of Justice to determine whether disclosure of these records is required by the
Freedom of Information Act.

2. Arecord from this system of records may be disclosed, as a routine use, in the course of presenting evidence
to a court, magistrate, or administrative tribunal, including disclosures to opposing counsel in the course of
settlement negotiations.

3. Avrecord in this system of records may be disclosed, as a routine use, to a Member of Congress submitting a
request involving an individual, to whom the record pertains, when the individual has requested assistance from
the Member with respect to the subject matter of the record.

4. Arecord in this system of records may be disclosed, as a routine use, to a contractor of the Agency having
need for the information in order to perform a contract. Recipients of information shall be required to comply
with the requirements of the Privacy Act of 1974, as amended, pursuant to 5 U.S.C. 552a(m).

5. Avrecord related to an International Application filed under the Patent Cooperation Treaty in this system of
records may be disclosed, as a routine use, to the International Bureau of the World Intellectual Property
Organization, pursuant to the Patent Cooperation Treaty.

6. Arecord in this system of records may be disclosed, as a routine use, to another federal agency for purposes
of National Security review (35 U.S.C. 181) and for review pursuant to the Atomic Energy Act (42 U.S.C.
218(c)).

7. Arecord from this system of records may be disclosed, as a routine use, to the Administrator, General
Services, or his/her designee, during an inspection of records conducted by GSA as part of that agency’s
responsibility to recommend improvements in records management practices and programs, under authority of
44 U.S.C. 2904 and 2906. Such disclosure shall be made in accordance with the GSA regulations governing
inspection of records for this purpose, and any other relevant (i.e., GSA or Commerce) directive. Such
disclosure shall not be used to make determinations about individuals.

8. Arrecord from this system of records may be disclosed, as a routine use, to the public after either publication of
the application pursuant to 35 U.S.C. 122(b) or issuance of a patent pursuant to 35 U.S.C. 151. Further, a
record may be disclosed, subject to the limitations of 37 CFR 1.14, as a routine use, to the public if the record
was filed in an application which became abandoned or in which the proceedings were terminated and which
application is referenced by either a published application, an application open to public inspection or an issued
patent.

9. Arecord from this system of records may be disclosed, as a routine use, to a Federal, State, or local law
enforcement agency, if the USPTO becomes aware of a violation or potential violation of law or regulation.
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PTO/AIA/4 (11-15)
Approved for use through 04/30/2017. OMB 0651-0032
U.S. Patent and Trademark Cffice; U.S. DEPARTMENT OF COMMERCE

Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it contains a valid CMB control number.

) ) Attorney Docket Number | 072227-8043.US24
Application Data Sheet 37 CFR 1.76

Application Number

METHODS OF LOWERING THE ERROR RATE OF MASSIVELY PARALLEL DNA SEQUENCING USING

Title of Invention | 15 )5) Ey' cONSENSUS SEQUENCING

The application data sheet is part of the provisional or nonprovisional application for which it is being submitted. The following form contains the
bibliographic data arranged in a format specified by the United States Patent and Trademark Office as outlined in 37 CFR 1.76.

This document may be completed electronically and submitted to the Office in electronic format using the Electronic Filing System (EFS) or the
document may be printed and included in a paper filed application.

Secrecy Order 37 CFR 5.2:

[ Portions or all of the application associated with this Application Data Sheet may fall under a Secrecy Order pursuant to
37 CFR 5.2 (Paper filers only. Applications that fall under Secrecy Order may not be filed electronically.)

Inventor Information:

Remove
Inventor [1

Legal Name

Prefix| Given Name Middle Name Family Name Suffix
+] Pesse ALK ]

Residence Information (Select One) e US Residency Non US Residency Active US Military Service

City | [eattle State/Province | WA | Country of Residencé | Ps

Mailing Address of Inventor:

Address 1 /o UNIVERSITY OF WASHINGTON

Address 2 1545 Roosevelt Way NE, Suite 400

City | Seattle State/Province | tWA
Postal Code 08105 Countryi | us

Remove
Inventor 2

Legal Name

Prefix| Given Name Middle Name Family Name Suffix

-] Lawrence AL | OEB |
Resﬁience Information (Select One) (8 US Residency Non US Residency Active US Military Service -
City | Bellevue State/Province INA Country of Residencd | s

Mailing Address of Inventor:

Address 1 /o UNIVERSITY OF WASHINGTON

Address 2 4545 Roosevelt Way NE, Suite 400

City Bealtle State/Province | tWA

Postal Code 08105-4608 Countryi | s

Inventor 3

Legal Name

Prefix| Given Name Middle Name Family Name Suffix
~] Michael SCHMITT ]

Residence Information (Select One) (@ US Residency Non US Residency Active US Military Service

EFS Web 2.2.12 0013



PTO/AIA/4 (11-15)

Approved for use through 04/30/2017. OMB 0651-0032

U.S. Patent and Trademark Cffice; U.S. DEPARTMENT OF COMMERCE

Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it contains a valid OMB control number.

Attorney Docket Number | 072227-8043.US24

Application Data Sheet 37 CFR 1.76

Application Number

Title of Invention METHODS OF LOWERING THE ERROR RATE OF MASSIVELY PARALLEL DNA SEQUENCING USING
DUPLEX CONSENSUS SEQUENCING

City | Bellevue State/Province | FA Country of Residencd | s

Mailing Address of Inventor:

Address 1 /o UNIVERSITY OF WASHINGTON

Address 2 1545 Roosevelt Way NE, Suite 400

City | Seattle State/Province | tWA
Postal Code 08105-4608 Countryi | us

All Inventors Must Be Listed - Additional Inventor Information blocks may be

generated within this form by selecting the Add button. Add

Correspondence Information:

Enter either Customer Number or complete the Correspondence Information section below.
For further information see 37 CFR 1.33(a).

[ ] An Address is being provided for the correspondence Information of this application.

Customer Number 04991

Email Address patentprocurement@perkinscoie.com | AddEmail | |Remove Email|

Application Information:

Title of the Invention [:sme DUPLEX CONSENSUS SEQUENCING

Attorney Docket Number| 072227-8043.US24 Small Entity Status Claimed [ |

Application Type Nonprovisional v
Subject Matter ility v
Total Number of Drawing Sheets (if any) 12 Suggested Figure for Publication (if any)

Filing By Reference:

Only complete this section when filing an application by reference under 35 US.C. 111(c} and 37 CFR 1.57{a). Do not complete this section if
application papers including a specification and any drawings are being filed. Any domestic benefit or foreign priority information must be
provided in the appropriate section(s) below (i.e., “Domestic Benefit/National Stage Information” and “Foreign Priority Information”).

For the purposes of a filing date under 37 CFR 1.53(b), the descripticn and any drawings of the present application are replaced by this
reference to the previously filed application, subject to conditions and requirements of 37 CFR 1.57(a).

Application number of the previcusly Filing date {YYYY-MM-DD) Intellectual Property Authority or Country |
filed application

Publication Information:
[ ] Request Early Publication (Fee required at time of Request 37 CFR 1.219)

Request Not to Publish. | hereby request that the attached application not be published under

35 U.S.C. 122(b) and certify that the invention disclosed in the attached application has not and will not be the
subject of an application filed in another country, or under a multilateral international agreement, that requires
publication at eighteen months after filing.

EFS Web 2.2.12 0014




PTO/AIA/4 (11-15)
Approved for use through 04/30/2017. OMB 0651-0032

U.S. Patent and Trademark Cffice; U.S. DEPARTMENT OF COMMERCE
Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it contains a valid OMB control number.

Application Data Sheet 37 CFR 1.76

Attorney Docket Number

072227-8043.U824

Application Number

Title of Invention

METHODS OF LOWERING THE ERROR RATE OF MASSIVELY PARALLEL DNA SEQUENCING USING
DUPLEX CONSENSUS SEQUENCING

Representative Information:

Representative information should be provided for all practitioners having a power of attorney in the application. Providing
this information in the Application Data Sheet does not constitute a power of attorney in the application (see 37 CFR 1.32).
Either enter Customer Number or complete the Representative Name section below. If both sections are completed the customer

Number will be used for the Representative Information during processing.

Please Select One:

o Customer Number

US Patent Practitioner

O Limited Recognition (37 CFR 11.9)

Customer Number

B4991

Domestic Benefit/National Stage Information:

This section allows for the applicant to either claim benefit under 35 U.S.C. 119(e), 120, 121, 365(¢c), or 386(c) or indicate
National Stage entry from a PCT application. Providing benefit claim information in the Application Data Sheet constitutes
the specific reference required by 35 U.S.C. 119(e) or 120, and 37 CFR 1.78.
When referring to the current application, please leave the “Application Number” field blank.
Prior Application Status | Pending v
Filing or 371(c) Date
Application Number Continuity Type Prior Application Number (YYYY-MM-DD)
[Continuation of ~] 16118290 2018-08-30
Prior Application Status | Patented Remove
Application L Prior Application Filing Date Issue Date
Number Continuity Type Number (YYYY-MM-DD) Patent Number (YYYY-MM-DD)
16118290 Continuation of ~| (15660785 P017-07-26 10287631 P019-03-14
Prior Application Status | Patented - Remove
Application L Prior Application Filing Date Issue Date
Number Continuity Type Number (YYYY-MM-DD) Patent Number (YYYY-MM-DD)
15660785 Continuation of ~| [14386800 2014-09-20 9752188 P017-09-05
Prior Application Status | Expired > Remove
Filing or 371(c) Date
Application Number Continuity Type Prior Application Number (YYYY-MM-DD)
14386800 B 371 of international ~| PCT/US2013/032665 P013-03-15
Prior Application Status | [Expired -
Filing or 371(c) Date
Application Number Continuity Type Prior Application Number (YYYY-MM-DD)
PCT/US2013/032665 [Claims benefit of provisional ~] 61613413 2012-03-20

EFS Web 2.2.12

0015



PTO/AIAM4 (11-15)

Approved for use through 04/30/2017. OMB 0651-0032
U.S. Patent and Trademark Cffice; U.S. DEPARTMENT OF COMMERCE
Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it contains a valid OMB control number.

Application Data Sheet 37 CFR 1.76

Attorney Docket Number

072227-8043.U824

Application Number

Title of Invention

METHODS OF LOWERING THE ERROR RATE OF MASSIVELY PARALLEL DNA SEQUENCING USING
DUPLEX CONSENSUS SEQUENCING

Prior Application Status | [Expired v
Filing or 371(c) Date
Application Number Continuity Type Prior Application Number (YYYY-MM-DD)
PCT/US2013/032665 [Claims benefit of provisional ~] 61625623 P012-04-17
Prior Application Status | [Expired -
Filing or 371(c) Date
Application Number Continuity Type Prior Application Number (YYYY-MM-DD)
PCT/US2013/032665 [Claims benefit of provisional ~] 61625319 P012-04-17
Additional Domestic Benefit/National Stage Data may be generated within this form ~dd

by selecting the Add button.

Foreign Priority Information:

This section allows for the applicant to claim priority to a foreign application. Providing this information in the application data sheet
constitutes the claim for priority as required by 35 U.8.C. 119(b) and 37 CFR 1.55. When priority is claimed to a foreign application
that is eligible for retrieval under the priority document exchange program (PDX)I the information will be used by the Office to
automatically attempt retrieval pursuant to 37 CFR 1.55(1)(1) and (2). Under the PDX program, applicant bears the ultimate
responsibility for ensuring that a copy of the foreign application is received by the Office from the participating foreign intellectual
property office, or a certified copy of the foreign priority application is filed, within the time period specified in 37 CFR 1.55(g)(1).

Remove

Access Codei (if applicable)

Application Number Countryi

Filing Date (YYYY-MM-DD)

Additional Foreign Priority Data may be generated within this form by selecting the
Add button.

Statement under 37 CFR 1.55 or 1.78 for AIA (First Inventor to File) Transition
Applications

This application (1) claims priority to or the benefit of an application filed before March 16, 2013 and (2) also

contains, or contained at any time, a claim to a claimed invention that has an effective filing date on or after March
[] 16, 2013.

NOTE: By providing this statement under 37 CFR 1.55 or 1.78, this application, with a filing date on or after March

16, 2013, will be examined under the first inventor to file provisions of the AlA.

EFS Web 2.2.12

0016



PTO/AIA/4 (11-15)

Approved for use through 04/30/2017. OMB 0651-0032

U.S. Patent and Trademark Cffice; U.S. DEPARTMENT OF COMMERCE

Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it contains a valid OMB control number.

. Attorney Docket Number | 072227-8043.US24
Application Data Sheet 37 CFR 1.76

Application Number

METHODS OF LOWERING THE ERROR RATE OF MASSIVELY PARALLEL DNA SEQUENCING USING

Title of Invention | 1y)5) Ex CONSENSUS SEQUENCING

Authorization or Opt-Out of Authorization to Permit Access:

When this Application Data Sheet is properly signed and filed with the application, applicant has provided written
authority to permit a participating foreign intellectual property {IP) office access to the instant application-as-filed (see
paragraph A in subsection 1 below) and the European Patent Office {(EPO) access to any search results from the instant
application (see paragraph B in subsection 1 below).

Should applicant choose not to provide an authorization identified in subsection 1 below, applicant must opt-out of the
authorization by checking the corresponding box A or B or both in subsection 2 below.

NOTE: This section of the Application Data Sheet is ONLY reviewed and processed with the INITIAL filing of an
application. After the initial filing of an application, an Application Data Sheet cannot be used to provide or rescind
authorization for access by a foreign IP office(s). Instead, Form PTO/SB/39 or PTO/SB/69 must be used as appropriate.

1. Authorization to Permit Access by a Foreign Intellectual Property Office(s)

A. Priority Document Exchange (PDX) - Unless box A in subsection 2 (opt-out of authorization) is checked, the
undersigned hereby grants the USPTO authority to provide the European Patent Office (EPQ), the Japan Patent Office
{(JPO), the Korean Intellectual Property Office (KIPQ), the State Intellectual Property Office of the People’s Republic of
China (SIPQO)}, the World Intellectual Property Organization (WIPO), and any other foreign intellectual property office
participating with the USPTO in a bilateral or multilateral priority document exchange agreement in which a foreign
application claiming priority to the instant patent application is filed, access to: (1) the instant patent application-as-filed
and its related bibliographic data, (2) any foreign or domestic application to which priority or benefit is claimed by the
instant application and its related bibliographic data, and (3) the date of filing of this Authorization. See 37 CFR 1.14(h)

(1).

B. Search Results from U.S. Application to EPO - Unless box B in subsection 2 {opt-out of authorization) is checked,
the undersigned hereby grants the USPTO authority to provide the EPO access to the bibliographic data and search
results from the instant patent application when a European patent application claiming priority to the instant patent
application is filed. See 37 CFR 1.14(h)(2).

The applicant is reminded that the EPO’s Rule 141(1) EPC (European Patent Convention) requires applicants to submit a
copy of search results from the instant application without delay in a European patent application that claims priority to
the instant application.

2. Opt-Out of Authorizations to Permit Access by a Foreign Intellectual Property Office(s)

A. Applicant DOES NOT authorize the USPTO to permit a participating foreign IP office access to the instant
[ ] application-as-filed. If this box is checked, the USPTO will not be providing a participating foreign IP office with
any documents and information identified in subsection 1A above.

B. Applicant DOES NOT authorize the USPTO to transmit to the EPO any search results from the instant patent
[ ] application. If this box is checked, the USPTO will not be providing the EPO with search results from the instant
application.
NOTE: Once the application has published or is otherwise publicly available, the USPTO may provide access to the
application in accordance with 37 CFR 1.14.

EFS Web 2.2.12 0017



PTO/AIA/4 (11-15)

Approved for use through 04/30/2017. OMB 0651-0032

U.S. Patent and Trademark Cffice; U.S. DEPARTMENT OF COMMERCE

Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it contains a valid OMB control number.

Attorney Docket Number | 072227-8043.US24

Application Data Sheet 37 CFR 1.76

Application Number

METHODS OF LOWERING THE ERROR RATE OF MASSIVELY PARALLEL DNA SEQUENCING USING

Title of Invention | 1y)5) Ex CONSENSUS SEQUENCING

Applicant Information:

Providing assignment information in this section does not substitute for compliance with any requirement of part 3 of Title 37 of CFR
to have an assignment recorded by the Office.

Applicant {1

If the applicant is the inventor (or the remaining joint inventor or inventors under 37 CFR 1.45), this section should not be completed.
The information to be provided in this section is the name and address of the legal representative who is the applicant under 37 CFR
1.43; or the name and address of the assignee, person to whom the inventor is under an obligation to assign the invention, or person
who otherwise shows sufficient proprietary interest in the matter who is the applicant under 37 CFR 1.46. If the applicant is an
applicant under 37 CFR 1.46 {(assignee, person to whom the inventor is obligated to assign, or person who otherwise shows sufficient
proprietary interest) together with one or more joint inventors, then the joint inventor or inventors who are also the applicant should be

identified in this section.

® Assignee Legal Representative under 35 U.S.C. 117 Joint Inventor

Person to whom the inventor is obligated to assign. Person who shows sufficient proprietary interest

If applicant is the legal representative, indicate the authority to file the patent application, the inventor is:

vI

Name of the Deceased or Legally Incapacitated Inventor:

If the Applicant is an Organization check here. X

Organization Name UNIVERSITY OF WASHINGTON THROUGH ITS CENTER FOR COMMERCIALIZATION

Mailing Address Information For Applicant:

Address 1 545 Roosevelt Way NE, Suite 400

Address 2

City Seattle State/Province WA
Country | s Postal Code 08105
Phone Number Fax Number

Email Address

Additional Applicant Data may be generated within this form by selecting the Add button. Add

Assignee Information including Non-Applicant Assignee Information:

Providing assignment information in this section does not substitute for compliance with any requirement of part 3 of Title
37 of CFR to have an assighment recorded by the Office.

EFS Web 2.2.12 0018



PTO/AIA/4 (11-15)

Approved for use through 04/30/2017. OMB 0651-0032

U.S. Patent and Trademark Cffice; U.S. DEPARTMENT OF COMMERCE

Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it contains a valid OMB control number.

Attorney Docket Number | 072227-8043.US24

Application Data Sheet 37 CFR 1.76

Application Number

METHODS OF LOWERING THE ERROR RATE OF MASSIVELY PARALLEL DNA SEQUENCING USING

Title of Invention | 1y)5) Ex CONSENSUS SEQUENCING

Assignee 1

Complete this section if assighee information, including non-applicant assignee information, is desired to be included on the patent
application publication. An assignee-applicant identified in the "Applicant Information™ section will appear on the patent application
publication as an applicant. For an assighee-applicant, complete this section only if identification as an assignee is also desired on the
patent application publication.

If the Assignee or Non-Applicant Assignee is an Organization check here. []

Prefix Given Name Middle Name Family Name Suffix
Mailing Address Information For Assignee including Non-Applicant Assignee:

Address 1

Address 2

City State/Province

Countryi Postal Code

Phone Number Fax Number

Email Address

Additional Assignee or Non-Applicant Assignee Data may be generated within this form by 2

selecting the Add button.

Signature:

NOTE: This Application Data Sheet must be signed in accordance with 37 CFR 1.33(b). However, if this Application
Data Sheet is submitted with the INITIAL filing of the application and either box A or B is not checked in
subsection 2 of the “Authorization or Opt-Out of Authorization to Permit Access” section, then this form must
also be signed in accordance with 37 CFR 1.14(c).

This Application Data Sheet must be signed by a patent practitioner if one or more of the applicants is a juristic
entity (e.g., corporation or association). If the applicant is two or more joint inventors, this form must be signed by a
patent practitioner, all joint inventors who are the applicant, or one or mare joint inventor-applicants who have been given
power of attorney (e.g., see USPTO Form PTO/AIA/81) on behalf of all joint inventor-applicants.

See 37 CFR 1.4(d) for the manner of making signatures and certifications.

Signature |/Lara J. Dueppen/ Date (YYYY-MM-DD)| [2021-08-02
First Name | LaraJ. Last Name | Dueppen Registration Number | 65002
Additional Signature may be generated within this form by selecting the Add button. Add

EFS Web 2.2.12 0019



PTO/AIA/4 (11-15)

Approved for use through 04/30/2017. OMB 0651-0032

U.S. Patent and Trademark Cffice; U.S. DEPARTMENT OF COMMERCE

Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it contains a valid OMB control number.

Attorney Docket Number | 072227-8043.US24

Application Data Sheet 37 CFR 1.76

Application Number

METHODS OF LOWERING THE ERROR RATE OF MASSIVELY PARALLEL DNA SEQUENCING USING

Title of Invention | 1y)5) Ex CONSENSUS SEQUENCING

This collection of information is required by 37 CFR 1.76. The information is required to obtain or retain a benefit by the public which
is to file (and by the USPTO to process) an application. Confidentiality is governed by 35 U.S.C. 122 and 37 CFR 1.14. This
collection is estimated to take 23 minutes to complete, including gathering, preparing, and submitting the completed application data
sheet form to the USPTO. Time will vary depending upon the individual case. Any comments on the amount of time you require to
complete this form and/or suggestions for reducing this burden, should be sent to the Chief Information Officer, U.S. Patent and
Trademark Office, U.S. Department of Commerce, P.O. Box 1450, Alexandna, VA 22313-1450. DO NOT SEND FEES OR
COMPLETED FORMS TO THIS ADDRESS. SEND TO: Commissioner for Patents, P.O. Box 1450, Alexandria, VA 22313-1450.

EFS Web 2.2.12 0020



Privacy Act Statement

The Privacy Act of 1974 (P.L. 93-579) requires that you be given certain information in connection with your submission of the attached form related tc a patent
application or patent. Accordingly, pursuant to the requirements of the Act, please be advised that: (1) the general authority for the collection of this information
is 35 U.5.C. 2(b}(2); {2) furnishing of the informaticn solicited is voluntary; and (3) the principal purpose for which the information is used by the U.S. Patent and
Trademark Office is to process and/or examine your submission related to a patent application or patent. If you do not furnish the requested information, the U.S.
Patent and Trademark Office may not be able to process and/or examine your submission, which may result in termination of proceedings or abandonment of
the application or expiration of the patent.

The information provided by you in this form will be subject tc the following routine uses:

1

The information on this form will be treated confidentially to the extent allowed under the Freedom of Information Act (5 U.5.C. 552) and the Privacy
Act (5 US.C. 552a). Records from this system of records may be disclosed to the Department of Justice to determine whether the Freedom of
Information Act requires disclosure of these records.

A record from this system of records may be disclosed, as a routine use, in the course of presenting evidence to a court, magistrate, or administrative
tribunal, including disclosures to opposing counsel in the course of settlement negotiations.

Arecord in this system of reccerds may be disclosed, as a routine use, to a Member of Congress submitting a request involving an individual, to whom
the record pertains, when the individual has requested assistance from the Member with respect tc the subject matter of the record.

A record in this system of records may be disclosed, as a routine use, to a contractor of the Agency having need for the information in order to perform
a contract. Recipients of information shall be required to comply with the requirements of the Privacy Act of 1974, as amended, pursuant to 5 U.S.C.
552a(m).

A record related to an International Application filed under the Patent Cooperation Treaty in this system of records may be disclosed, as a routine use,
to the Internaticnal Bureau of the World Intellectual Property Organization, pursuant to the Patent CooperationTreaty.

A record in this system of records may be disclosed, as a routine use, to another federal agency for purposes of National Security review (35 U.S.C. 181)
and for review pursuant to the Atomic Energy Act (42 U.S.C. 218(c)).

A record from this system of records may be disclosed, as a routine use, to the Administrator, General Services, or his/her designee, during an
inspection of records conducted by GSA as part of that agency's responsibility to recommend improvements in records management practices and
programs, under authority of 44 U.S.C. 2904 and 2906. Such disclosure shall be made in accordance with the GSA regulations geverning inspection of
records for this purpose, and any other relevant (i.e,, GSA or Commerce) directive. Such disclosure shall not be used to make determinations about
individuals.

A record from this system of records may be disclosed, as a routine use, to the public after either publication of the application pursuant to 35 U.5.C.
122(b) or issuance of a patent pursuant to 35 US.C. 151. Further, a record may be disclesed, subject to the limitations of 37 CFR 1.14, as a routine use,
to the public if the record was filed in an application which became abandoned cr in which the proceedings were terminated and which application is
referenced by either a published application, an application open to public inspections or an issued patent.

A record from this system of records may be disclosed, as a routine use, to a Federal, State, or local law enforcement agency, if the USPTO becomes
aware of a violation or potential viclation of law or regulation.

EFS Web 2.2.12 0021



Attorney Docket No. 072227-8043.US24

METHODS OF LOWERING THE ERROR RATE OF MASSIVELY PARALLEL DNA
SEQUENCING USING DUPLEX CONSENSUS SEQUENCING

PRIORITY CLAIM

[0001] This application is a continuation of U.S. Patent Application No. 16/118,290,
filed August 30, 2018, which is a continuation of U.S. Patent Application No. 15/660,785,
filed July 26, 2017, now U.S. Patent No. 10,287,631, which is a continuation of U.S.
Patent Application No. 14/386,800, filed September 20, 2014, now U.S. Patent No.
9,752,188, which is a U.S. national stage application of International Application No.
PCT/US2013/032665, filed March 15, 2013, which claims priority to U.S. Provisional
Patent Application No. 61/613,413, filed March 20, 2012; U.S. Provisional Patent
Application No. 61/625,623, filed April 17, 2012; and U.S. Provisional Patent Application
No. 61/625,319, filed April 17, 2012; the subject matter of all of which are hereby

incorporated by reference as if fully set forth herein.
STATEMENT OF GOVERNMENT INTEREST

[0002] This invention was made with government support under Grant Nos.
F30AG033485, RO1CA102029 and RO1CA115802 awarded by the National Institutes of
Health. The government has certain rights in the invention.

BACKGROUND

[0003] The advent of massively parallel DNA sequencing has ushered in a new era
of genomic exploration by making simultaneous genotyping of hundreds of billions of
base-pairs possible at small fraction of the time and cost of traditional Sanger methods
[1]. Because these technologies digitally tabulate the sequence of many individual DNA
fragments, unlike conventional techniques which simply report the average genotype of
an aggregate collection of molecules, they offer the unique ability to detect minor variants

within heterogeneous mixtures [2].

[0004] This concept of “deep sequencing” has been implemented in a variety fields
including metagenomics [3, 4], paleogenomics [5], forensics [6], and human genetics [7,
8] to disentangle subpopulations in complex biological samples. Clinical applications,
such prenatal screening for fetal aneuploidy [9, 10], early detection of cancer [11] and
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monitoring its response to therapy [12, 13] with nucleic acid-based serum biomarkers, are
rapidly being developed. Exceptional diversity within microbial [14, 15] viral [16-18] and
tumor cell populations [19, 20] has been characterized through next-generation
sequencing, and many low-frequency, drug-resistant variants of therapeutic importance
have been so identified [12, 21, 22]. Previously unappreciated intra-organismal
mosasism in both the nuclear [23] and mitochondrial [24, 25] genome has been revealed
by these technologies, and such somatic heterogeneity, along with that arising within the
adaptive immune system [13], may be an important factor in phenotypic variability of
disease.

[0005] Deep sequencing, however, has limitations. Although, in theory, DNA
subpopulations of any size should be detectable when deep sequencing a sufficient
number of molecules, a practical limit of detection is imposed by errors introduced during
sample preparation and sequencing. PCR amplification of heterogeneous mixtures can
result in population skewing due to stoichastic and non-stoichastic amplification biases
and lead to over- or under-representation of particular variants [26]. Polymerase mistakes
during pre-amplification generate point mutations resulting from base mis-incorporations
and rearrangements due to template switching [26, 27]. Combined with the additional
errors that arise during cluster amplification, cycle sequencing and image analysis,
approximately 1% of bases are incorrectly identified, depending on the specific platform
and sequence context [2, 28]. This background level of artifactual heterogeneity
establishes a limit below which the presence of true rare variants is obscured [29].

[0006] A variety of improvements at the level of biochemistry [30-32] and data
processing [19, 21, 28, 32, 33] have been developed to improve sequencing accuracy.
The ability to resolve subpopulations below 0.1%, however, has remained elusive.
Although several groups have attempted to increase sensitivity of sequencing, several
limitations remain. For example techniques whereby DNA fragments to be sequenced
are each uniquely tagged [34, 35] prior to amplification [36-41] have been reported.
Because all amplicons derived from a particular starting molecule will bear its specific tag,
any variation in the sequence or copy number of identically tagged sequencing reads can
be discounted as technical error. This approach has been used to improve counting
accuracy of DNA [38, 39, 41] and RNA templates [37, 38, 40] and to correct base errors

2.
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arising during PCR or sequencing [36, 37, 39]. Kinde et. al. reported a reduction in error
frequency of approximately 20-fold with a tagging method that is based on labeling single-
stranded DNA fragments with a primer containing a 14 bp degenerate sequence. This
allowed for an observed mutation frequency of ~0.001% mutations/bp in normal human
genomic DNA [36]. Nevertheless, a number of highly sensitive genetic assays have
indicated that the true mutation frequency in normal cells is likely to be far lower, with
estimates of per-nucleotide mutation frequencies generally ranging from 10 to 10" [42].
Thus, the mutations seen in normal human genomic DNA by Kinde et al. are likely the
result of significant technical artifacts.

[0007] Traditionally, next-generation sequencing platforms rely upon generation of
sequence data from a single strand of DNA. As a consequence, artifactual mutations
introduced during the initial rounds of PCR amplification are undetectable as errors - even
with tagging techniques - if the base change is propagated to all subsequent PCR
duplicates. Several types of DNA damage are highly mutagenic and may lead to this
scenario. Spontaneous DNA damage arising from normal metabolic processes results in
thousands of damaging events per cell per day [43]. In addition to damage from oxidative
cellular processes, further DNA damage is generated ex vivo during tissue processing
and DNA extraction [44]. These damage events can result in frequent copying errors by
DNA polymerases: for example a common DNA lesion arising from oxidative damage, 8-
0x0-guanine, has the propensity to incorrectly pair with adenine during complementary
strand extension with an overall efficiency greater than that of correct pairing with cytosine,
and thus can contribute a large frequency of artifactual G—T mutations [45]. Likewise,
deamination of cytosine to form uracil is a particularly common event which leads to the
inappropriate insertion of adenine during PCR, thus producing artifactual C—T mutations
with a frequency approaching 100% [46].

[0008] It would be desirable to develop an approach for tag-based error correction,
which reduces or eliminates artifactual mutations arising from DNA damage, PCR errors,
and sequencing errors; allows rare variants in heterogeneous populations to be detected
with unprecedented sensitivity; and which capitalizes on the redundant information stored
in complexed double-stranded DNA.
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SUMMARY

[0009] In one embodiment, a single molecule identifier (SMI) adaptor molecule for
use in sequencing a double-stranded target nucleic acid molecule is provided. Said SMI
adaptor molecule includes a single molecule identifier (SMI) sequence which comprises
a degenerate or semi-degenerate DNA sequence; and an SMI ligation adaptor that allows
the SMI adaptor molecule to be ligated to the double-stranded target nucleic acid
sequence. The SMI sequence may be single-stranded or double-stranded. In some
embodiments, the double-stranded target nucleic acid molecule is a double-stranded
DNA or RNA molecule.

[0010] In another embodiment, a method of obtaining the sequence of a double-
stranded target nucleic acid is provided (also known as Duplex Consensus Sequencing
or DCS) is provided. Such a method may include steps of ligating a double-stranded
target nucleic acid molecule to at least one SMI adaptor molecule to form a double-
stranded SMI-target nucleic acid complex; amplifying the double-stranded SMiI-target
nucleic acid complex, resulting in a set of amplified SMi-target nucleic acid products; and
sequencing the amplified SMi-target nucleic acid products.

[0011] In some embodiments, the method may additionally include generating an
error-corrected double-stranded consensus sequence by (i) grouping the sequenced
SMI-target nucleic acid products into families of paired target nucleic acid strands based
on a common set of SMI sequences; and (i) removing paired target nucleic acid strands
having one or more nucleotide positions where the paired target nucleic acid strands are
non-complementary (or alternatively removing individual nucleotide positions in cases
where the sequence at the nucleotide position under consideration disagrees among the
two strands). In further embodiments, the method confirms the presence of a true
mutation by (i) identifying a mutation present in the paired target nucleic acid strands
having one or more nucleotide positions that disagree; (i) comparing the mutation present
in the paired target nucleic acid strands to the error corrected double-stranded consensus
sequence; and (iii) confirming the presence of a true mutation when the mutation is
present on both of the target nucleic acid strands and appears in all members of a paired
target nucleic acid family.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0012] Figure 1 illustrates an overview of Duplex Consensus Sequencing. Sheared
double-stranded DNA that has been end-repaired and T-tailed is combined with A-tailed
SMI adaptors and ligated according to one embodiment. Because every adaptor contains
a unique, double-stranded, complementary n-mer random tag on each end (n-mer = 12
bp according to one embodiment), every DNA fragment becomes labeled with two distinct
SMI sequences (arbitrarily designated a and [ in the single capture event shown). After
size-selecting for appropriate length fragments, PCR amplification with primers containing
lllumina flow-cell-compatible tails is carried out to generate families of PCR duplicates.
By virtue of the asymmetric nature of adapted fragments, two types of PCR products are
produced from each capture event. Those derived from one strand will have the a SMI
sequence adjacent to flow-cell sequence 1 and the B SMI sequence adjacent to flow cell
sequence 2. PCR products originating from the complementary strand are labeled

reciprocally.

[0013] Figure 2 illustrates Single Molecule Identifier (SMI) adaptor synthesis
according to one embodiment. Oligonucleotides are annealed and the complement of
the degenerate lower arm sequence (N’s) plus adjacent fixed bases is produced by
polymerase extension of the upper strand in the presence of all four ANTPs. After reaction
cleanup, complete adaptor A-tailing is ensured by extended incubation with polymerase
and dATP.

[0014] Figure 3 illustrates error correction through Duplex Consensus Sequencing
(DCS) analysis according to one embodiment. (a-c) shows sequence reads (brown)
sharing a unique set of SMI tags are grouped into paired families with members having
strand identifiers in either the a3 or Ba orientation. Each family pair reflects one double-
stranded DNA fragment. (a) shows mutations (spots) present in only one or a few family
members representing sequencing mistakes or PCR-introduced errors occurring late in
amplification. (b) shows mutations occurring in many or all members of one family in a
pair representing mutations scored on only one of the two strands, which can be due to
PCR errors arising during the first round of amplification such as might occur when
copying across sites of mutagenic DNA damage. (c) shows true mutations (* arrow)

-5-
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present on both strands of a captured fragment appear in all members of a family pair.
While artifactual mutations may co-occur in a family pair with a true mutation, these can
be independently identified and discounted when producing (d) an error-corrected
consensus sequence (i.e., single stranded consensus sequence) (+ arrow) for each
duplex. (e) shows consensus sequences from all independently captured, randomly
sheared fragments containing a particular genomic site are identified and (f) compared to

determine the frequency of genetic variants at this locus within the sampled population.

[0015] Figure 4 illustrates an example of how a SMI sequence with n-mers of 4
nucleotides in length (4-mers) are read by Duplex Consensus Sequencing (DCS)
according to some embodiments. (A) shows the 4-mers with the PCR primer binding
sites (or flow cell sequences) 1 and 2 indicated at each end. (B) shows the same
molecules as in (A) but with the strands separated and the lower strand now written in the
5°-8’ direction. When these molecules are amplified with PCR and sequenced, they will
yield the following sequence reads: The top strand will give a read 1 file of TAAC--- and
aread 2 file of GCCA---. Combining the read 1 and read 2 tags will give TAACCGGA as
the SMI for the top strand. The bottom strand will give a read 1 file of CGGA---- and a
read 2 file of TAAC---. Combining the read 1 and read 2 tags will give CGGATAAC as
the SMI for the bottom strand. (C) illustrates the orientation of paired strand mutations in
DCS. In the initial DNA duplex shown in Figures 4A and 4B, a mutation “x” (which is
paired to a complementary nucleotide “y”) is shown on the left side of the DNA duplex.
The “x” will appear in read 1, and the complementary mutation on the opposite strand,

y,” will appear in read 2. Specifically, this would appear as “x” in both read 1 and read 2

data, because “y” in read 2 is read out as “x” by the sequencer owing to the nature of the
sequencing primers, which generate the complementary sequence during read 2.

[0016] Figure 5 illustrates duplex sequencing of human mitochondrial DNA. (A)
Overall mutation frequency as measured by a standard sequencing approach, SSCS, and
DCS. (B) Pattern of mutation in human mitochondrial DNA by a standard sequencing
approach. The mutation frequency (vertical axis) is plotted for every position in the ~16-
kb mitochondrial genome. Due to the substantial background of technical error, no

obvious mutational pattern is discernible by this method. (C) DCS analysis eliminates
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sequencing artifacts and reveals the true distribution of mitochondrial mutations to include
a striking excess adjacent to the mtDNA origin of replication. (D) SSCS analysis yields a
large excess of G—T mutations relative to complementary C—A mutations, consistent
with artifacts from damaged-induced 8-oxo-G lesions during PCR. All significant (P <
0.05) differences between paired reciprocal mutation frequencies are noted. (E) DCS
analysis removes the SSCS strand bias and reveals the true mtDNA mutational spectrum

to be characterized by an excess of transitions.

[0017] Figure 6 shows that consensus sequencing removes artifactual sequencing
errors as compared to Raw Reads. Duplex Consensus Sequencing (DCS) results in an
approximately equal number of mutations as the reference and single strand consensus

sequencing (SSCS) .

[0018] Figure 7 illustrates duplex sequencing of M13mp2 DNA. (A) Single-strand
consensus sequences (SSCSs) reveal a large excess of G—-A/C—T and G—-T/C—A
mutations, whereas duplex consensus sequences (DCSs) yield a balanced spectrum.
Mutation frequencies are grouped into reciprocal mispairs, as DCS analysis only scores
mutations present in both strands of duplex DNA. All significant (P < 0.05) differences
between DCS analysis and the literature reference values are noted. (B) Complementary
types of mutations should occur at approximately equal frequencies within a DNA
fragment population derived from duplex molecules. However, SSCS analysis yields a
15-fold excess of G—T mutations relative to C—A mutations and an 11-fold excess of
C—T mutations relative to G—A mutations. All significant (P < 0.05) differences between
paired reciprocal mutation frequencies are noted.

[0019] Figure 8 shows the effect of DNA damage on the mutation spectrum. DNA
damage was induced by incubating purified M13mp2 DNA with hydrogen peroxide and
FeSO4. (A) SSCS analysis reveals a further elevation from baseline of G—T mutations,
indicating these events to be the artifactual consequence of nucleotide oxidation. All
significant (P < 0.05) changes from baseline mutation frequencies are noted. (B) Induced
DNA damage had no effect on the overall frequency or spectrum of DCS mutations.

[0020] Figure 9 shows duplex sequencing results in accurate recovery of spiked-
control mutations. A series of variants of M13mp2 DNA, each harboring a known single-
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nucleotide substitution, were mixed in together at known ratios and the mixture was
sequenced to ~20,000-fold final depth. Standard sequencing analysis cannot accurately
distinguish mutants present at a ratio of less than 1/100, because artifactural mutations
occurring at every position obscure the presence of less abundant true mutations,
rendering apparent recovery greater than 100%. Duplex consensus sequences, in
contrast, accurately identify spiked-in mutations down to the lowest tested ratio of
1/10,000.

[0021] Figure 10 is a Python Code that may used to carry out methods described

herein according to one embodiment.
DETAILED DESCRIPTION

[0022] Single molecule identifier adaptors and methods for their use are provided
herein. According to the embodiments described herein, a single molecule identifier
(SMI) adaptor molecule is provided. Said SMI adaptor molecule is double stranded, and
may include a single molecule identifier (SMI) sequence, and an SMI ligation adaptor
(Figure 2). Optionally, the SMI adaptor molecule further includes at least two PCR primer
binding sites, at least two sequencing primer binding sites, or both.

[0023] The SMI adaptor molecule may form a “Y-shape” or a “hairpin shape.” In
some embodiments, the SMI adaptor molecule is a “Y-shaped” adaptor, which allows
both strands to be independently amplified by a PCR method prior to sequencing because
both the top and bottom strands have binding sites for PCR primers FC1 and FC2 as
shown in the examples below. A schematic of a Y-shaped SMI adaptor molecule is also
shown in Figure 2. A Y-shaped SMI adaptor requires successful amplification and
recovery of both strands of the SMI adaptor molecule. In one embodiment, a modification
that would simplify consistent recovery of both strands entails ligation of a Y-shaped SMI
adaptor molecule to one end of a DNA duplex molecule, and ligation of a “U-shaped”
linker to the other end of the molecule. PCR ampilification of the hairpin-shaped product
will then yield a linear fragment with flow cell sequences on either end. Distinct PCR
primer binding sites (or flow cell sequences FC1 and FC2) will flank the DNA sequence
corresponding to each of the two SMI adaptor molecule strands, and a given sequence
seen in Read 1 will then have the sequence corresponding to the complementary DNA
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duplex strand seen in Read 2. Mutations are scored only if they are seen on both ends of
the molecule (corresponding to each strand of the original double-stranded fragment), i.e.
at the same position in both Read 1 and Read 2. This design may be accomplished as
described in the examples relating to double stranded SMI sequence tags.

[0024] In other embodiments, the SMI adaptor molecule is a “hairpin” shaped (or
“U-shaped”) adaptor. A hairpin DNA product can be used for error correction, as this
product contains both of the two DNA strands. Such an approach allows for reduction of
a given sequencing error rate N to a lower rate of N*N*(1/3), as independent sequencing
errors would need to occur on both strands, and the same error among all three possible
base substitutions would need to occur on both strands. For example, the error rate of
1/100 in the case of lllumina sequencing [32] would be reduced to (1/100)*(1/100)*(1/3)
= 1/30,000.

[0025] An additional, more remarkable reduction in errors can be obtained by
inclusion of a single-stranded SMI in either the hairpin adaptor or the “Y-shaped” adaptor
will also function to label both of the two DNA strands. Amplification of hairpin-shaped
DNA may be difficult as the polymerase must synthesize through a product containing
significant regions of self-complementarity, however, amplification of hairpin-shaped
structures has already been established in the technique of hairpin PCR, as described
below. Amplification using hairpin PCR is further described in detail in U.S. Patent No.
7,452,699, the subject matter of which is hereby incorporated by reference as if fully set
forth herein.

[0026] According to the embodiments described herein, the SMI sequence (or
“tag”) may be a double-stranded, complementary SMI sequence or a single-stranded SMI
sequence. In some embodiments, the SMI adaptor molecule includes an SMI sequence
(or “tag”) of nucleotides that is degenerate or semi-degenerate. In some embodiments,
the degenerate or semi-degenerate SMI sequence may be a random degenerate
sequence. A double-stranded SMI sequence includes a first degenerate or semi-
degenerate nucleotide n-mer sequence and a second n-mer sequence that is
complementary to the first degenerate or semi-degenerate nucleotide n-mer sequence,
while a single-stranded SMI sequence includes a first degenerate or semi-degenerate
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nucleotide n-mer sequence. The first and/or second degenerate or semi-degenerate
nucleotide n-mer sequences may be any suitable length to produce a sufficiently large
number of unique tags to label a set of sheared DNA fragments from a segment of DNA.
Each n-mer sequence may be between approximately 3 to 20 nucleotides in length.
Therefore, each n-mer sequence may be approximately 4, 5,6,7,8,9,10,11,12,13, 14,
15, 16, 17, 18, 19, 20 nucleotides in length. In one embodiment, the SMI sequence is a
random degenerate nucleotide n-mer sequence which is 12 nucleotides in length. A 12
nucleotide SMI n-mer sequence that is ligated to each end of a target nucleic acid
molecule, as described in the Example below, results in generation of up to 424 (i.e., 2.8
x 10'%) distinct tag sequences.

[0027] In some embodiments, the SMI tag nucleotide sequence may be completely
random and degenerate, wherein each sequence position may be any nucleotide. (i.e.,
each position, represented by “X,” is not limited, and may be an adenine (A), cytosine (C),
guanine (G), thymine (T), or uracil (U)) or any other natural or non-natural DNA or RNA
nucleotide or nucleotide-like substance or analog with base-pairing properties (e.g.,
xanthosine, inosine, hypoxanthine, xanthine, 7-methylguanine, 7-methylguanosine, 5,6-
dihydrouracil, 5-methylcytosine, dihydouridine, isocytosine, isoguanine,
deoxynucleosides, nucleosides, peptide nucleic acids, locked nucleic acids, glycol nucleic
acids and threose nucleic acids). The term “nucleotide” as described herein, refers to
any and all nucleotide or any suitable natural or non-natural DNA or RNA nucleotide or
nucleotide-like substance or analog with base pairing properties as described above. In
other embodiments, the sequences need not contain all possible bases at each position.
The degenerate or semi-degenerate n-mer sequences may be generated by a
polymerase-mediated method described in the Example below, or may be generated by
preparing and annealing a library of individual oligonucleotides of known sequence.
Alternatively, any degenerate or semi-degenerate n-mer sequences may be a randomly
or non-randomly fragmented double stranded DNA molecule from any alternative source
that differs from the target DNA source. In some embodiments, the alternative source is
a genome or plasmid derived from bacteria, an organism other than that of the target DNA,

or a combination of such alternative organisms or sources. The random or non-random
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fragmented DNA may be introduced into SMI adaptors to serve as variable tags. This
may be accomplished through enzymatic ligation or any other method known in the art.

[0028] In some embodiments, the SMI adaptor molecules are ligated to both ends
of a target nucleic acid molecule, and then this complex is used according to the methods
described below. In certain embodiments, it is not necessary to include n-mers on both
adapter ends, however, it is more convenient because it means that one does not have
to use two different types of adaptors and then select for ligated fragments that have one
of each type rather than two of one type. The ability to determine which strand is which
is still possible in the situation wherein only one of the two adaptors has a double-stranded
SMI sequence.

[0029] In some embodiments, the SMI adaptor molecule may optionally include a
double-stranded fixed reference sequence downstream of the n-mer sequences to help
make ligation more uniform and help computationally filter out errors due to ligation
problems with improperly synthesized adaptors. Each strand of the double-stranded fixed
reference sequence may be 4 or 5 nucleotides in length sequence, however, the fixed
reference sequence may be any suitable length including, but not limited to 3, 4, 5 or 6
nucleotides in length.

[0030] The SMI ligation adaptor may be any suitable ligation adaptor that is
complementary to a ligation adaptor added to a double-stranded target nucleic acid
sequence including, but not limited to a T-overhang, an A-overhang, a CG overhang, a
blunt end, or any other ligatable sequence. In some embodiments, the SMI ligation
adaptor may be made using a method for A-tailing or T-tailing with polymerase extension;
creating an overhang with a different enzyme; using a restriction enzyme to create a

single or multiple nucleotide overhang, or any other method known in the art.

[0031] According to the embodiments described herein, the SMI adaptor molecule
may include at least two PCR primer or “flow cell” binding sites: a forward PCR primer
binding site (or a “flow cell 17 (FC1) binding site); and a reverse PCR primer binding site
(or a “flow cell 2” (FC2) binding site). The SMI adaptor molecule may also include at least
two sequencing primer binding sites, each corresponding to a sequencing read.
Alternatively, the sequencing primer binding sites may be added in a separate step by
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inclusion of the necessary sequences as tails to the PCR primers, or by ligation of the
needed sequences. Therefore, if a double-stranded target nucleic acid molecule has an
SMI adaptor molecule ligated to each end, each sequenced strand will have two reads -

a forward and a reverse read.
Double-stranded SMI sequences

[0032] Adaptor 1 (shown below) is a Y-shaped SMI adaptor as described above
(the SMI sequence is shown as X’s in the top strand (a 4-mer), with the complementary
bottom strand sequence shown as Y’s):

s (Adaptor 1)

[0033] Adaptor 2 (shown below) is a hairpin (or “U-shaped”) linker:
(Adaptor 2)
[0034] Following ligation of both adaptors to a double-stranded target nucleic acid,

WY TR & %
o M.m&;& M&_ﬁv\v\“v.v.v,\'vgg; R wvavaaaaann

SR %
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[0035] When melted, the product will be of the following form (where “linker” is the

sequence of adaptor 2):

RN N N AR Pl D ._ PNRY & T AN AN
R0 (ORI TR . - SORING :%  F o2 TM  .~  SRRMIIG: (O SV - 4

[0036] This product is then PCR amplified. The reads will yield:

SRR

§ R AN 2% 3w w STy AN *-ﬁ\ & SO Q\‘s SIS \'\f': %i-{ \ R A S A D '--%\'\
SR DEEER G TS B O TS COTRPIEIN N OF TIHe NSl sSensiesi

[0037] The sequences of the two duplex strands seen in the two sequence reads
may then be compared, and sequence information and mutations will be scored only if
the sequence at a given position matches in both of the reads.

[0038] This approach does not strictly require the use of an SMl tag, as the sheared
ends can be used as identifiers to differentiate unique individual molecules from PCR
duplicates. Thus the same concept would apply if one used any standard sequencing
adaptor as “Adaptor 1” and the U---shaped linker as “Adaptor 2.” However described
below, there are a limited number of shear points flanking any given genomic position
and thus the power to sequence deeply is increased via inclusion of the SMI tag. A hybrid
method using a combination of sheared ends and a shorter n-mer tag (such as 1 or 2 or
3 or 4 or more degenerate or semi-degenerate bases) in the adaptor may also serve as
unique molecular identifiers. Another design may include use of any sequencing adaptor
(such as one lacking an n-mer tag) in conjunction with an n-mer tag that is incorporated
into the U-shaped linker molecule. Such a design would be of the following form (where

Xand Y represent complementary degenerate or semi-degenerate nucleotides):

XHX K -y
l
YYYY-o!
[0039] Synthesis of such a design may be obtained in a number of ways, for

example synthesizing a set of hairpin oligonucleotides in which each individual

oligonucleotide encodes a complementary n-mer sequence, or alternatively by using a
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DNA polymerase to carry out extension from the following product (where X’s represent

degenerate nucleotides):

5 XK K e

[0040] Inclusion of the SMI tag is also extremely useful for identifying correct
ligation products, as the assay uses two distinct adaptors. This will yield multiple possible

ligation products:

[0041] Product I. Adaptor 1--------- DNA--------- Adaptor 2, which yields the desired
product:
e XX R e B §

[0042] Product Il. Adaptor 1--------- DNA--------- Adaptor 1. This will result in the
DNA being amplified as two separate strands, i.e. as occurs in the DCS approach
described elsewhere in this document (the second copy of Adaptor 1 is shown below with
the SMI as AAA — BBB to emphasize that every DCS adaptor has a distinct SMI

sequence)

3
NS 5 0 VORI o - SUNONNINUONE - - 3F- SN

e n EE Y s R e DR N evn
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[0043] Product lll. Adaptor 2--------- DNA--------- Adaptor 2. This will resultin a non-

--amplifiable circular product shown below:

%

NS
A TR N R T INE R  NNANIRN R
SHR Y %

P
i,

3 3 x -
e e R s R R AR AR
£ S IR 3
% R SRR $
% &

[0044] Product Il is non-amplifiable, given the absence of primer binding sites and
thus will not be present in the final DNA sequences. Thus only Product Il needs to be
avoided. The formation of Product Il can be minimized in the ligation step by using an
excess of Adaptor 2 (relative to Adaptor 1). Then primarily Products | and Il will be
obtained, with minimal formation of Product Il. Additionally, a variety of biochemical
means of enriching for products containing adaptor 2 are possible such as using affinity
probes that are complementary to the hairpin loop sequence itself. Product | results in the
same SMI sequence in both the Read 1 and Read 2 sequence reads. In the example
depicted above, Product | sequences can thus be identified by virtue of having matching
SMis of the form XXXX in Read 1 and XXXX in Read 2.

[0045] By contrast, in the case of Product Il, the SMI sequences on either end of
the sequenced molecule will arise from distinct DCS adaptors having different SMi
sequences. In the example shown above, Product Il sequences yield SMIs of the form
XXXX (Read 1) — BBB (Read 2) upon sequencing of the top strand, and BBBB (Read 1)
— XXXX (Read 2) upon sequencing of the bottom strand. Thus Product Il sequences can

be easily identified and computationally removed from the final sequence data.

[0046] Data resulting from Product Il is useful, because Product Il corresponds to
the product analyzed under the approach detailed in the Example below. Product |
contains a self--complementary hairpin sequence that can impair polymerase extension
during amplification, however, this type of amplification has already been enabled in the
technique of “Hairpin PCR” [50] which involves linking of the two strands followed by
amplification with gene-specific primers. Amplification conditions that are compatible with
amplification of hairpin DNA are thus already established. Moreover, ligation and
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amplification with circularizing “linkers” (i.e. hairpin linkers affixed to both ends of a
fragment) has been demonstrated as a step in the Pacific Biosciences sample preparation
workflow [49]. As the sequence of the linker itself does not matter in the workflow, the
published linker sequences from either of these references would be adequate for use in

the assay.

[0047] In some aspects of some embodiments, deliberate ligation of “U-shaped”
adaptors or hairpin linkers containing 1) a double-stranded n-mer (or other form of
degenerate or semi-degenerate double-stranded tag as enumerated above) plus 2)
primer binding sites to both ends of a captured fragment may be desireable. Producing
closed circles of captured material may help facilitate removal of non-captured DNA by
exonuclease digestion given that circularized DNA will be protected from digestion by
such enzymes. Additionally, closed circles may be pre-amplified using rolling circle
amplification or serve as the substrate for continuous loop sequencing [49]. Recognition
sites for restriction endonuclease digestion could be engineered into these adaptors to

render closed loops open once again if more convenient for subsequent steps.

[0048] In another embodiment, flow cell sequences or PCR binding sites, again
denoted as FC1 and FC2, may be included in both the PCR primers and the hairpin linker
adaptor, as well as a ligatable sequence on the end of the hairpin linker (denoted as L
below). The hairpin linker adaptor may additionally include one or more cleavable
sequences, denoted as R in the example below (the R may be any appropriate restriction
enzyme target sequence, or any other cleavable sequence). Such a hairpin linker design

is shown below:

L-XXXX-~FC2-R————\

L—YYYY——FCl—R————/|

[0049] The target DNA with ligation site denoted as L is as follows:
—————————————— DNA-——————-L

—————————————— DNA'-—————-L

[0050] Following ligation of the linker, the product may be amplified with PCR

primers as follows:
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FC1
\
\
\
—————————————— DNA--——--——— XXXX--FC2-R--—-\
|
—————————————— DNA'-——-——— YYYY--FCl-R--—-/
/
/
/
FC2
[0051] The resultant product will be of the form:
FCl-==——--- DNA-—=——=----— XXXX--FC2-R-----R-FCl--YYYY-——————— DNA'-———--- FC2
[0052] After amplification of the product, the cleavage sites R may be cleaved to

result in the following sequencable products:

FCl---————- DNA--—-————- XXXX--FC2

and

FCl--YYYY-——————- DNA'-—————- FC2

[0053] These products may then be sequenced directly. This design has the

advantage of allowing for targeted sequencing of a specific region of the genome, and
furthermore avoids the need to sequence a hairpin product, as sequencing of a hairpin
will be less efficient due to the self-complementarity present within the hairpin molecule.
Single-stranded SMI sequences

[0054] In one embodiment, a single-stranded SMI sequence is incorporated into
the single-stranded portion of the hairpin loop (regions of sequence complementarity are
denoted as “="). The SMI sequence is shown as four nucleotides in length in the following
examples, but in practice an Nmer of any length, including approximately 3 to 20

nucleotides, will suffice.
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[0055] Ligation of the hairpin linker and a Y-shaped sequencing adaptor (with
PCR primer binding sites labeled as FC1 and FC2) yields the following product:
FCl
\
\
DNA NNNN—————~— \
|
DNA'/ ss===—————————— /
/
/
/
FC2
[0056] Melting and PCR amplification of this product yields the following DNA
product:
FCl-———— DNA————— NNNN—————— hairpin segquence—-————- DNA' ——————— FC2
[0057] Following PCR duplication of the product and formation of consensus reads

based upon the shared SMI sequence among all the PCR duplicates, the sequences of
the two strands (denoted DNA and DNA'’) can then be compared to form a duplex

consensus sequence.

[0058] In another embodiment, a single-stranded SMI is incorporated into a
modified “Y-shaped” sequencing adaptor in which PCR primer binding sites are located
at the sites labeled FC1 and FC2 (regions of sequence complementarity are depicted as

=)

FC1
\
\
\——NNNN====DNA ===-———-—\
|
FC2====DNA’ ===————/
[0059] It will be apparent to one skilled in the art that a single-stranded SMI

sequence tag can be located in any of several positions within either the sequencing
adaptor or the hairpin linker. The single-stranded SMI sequence tag can be synthesized
as a random oligonucleotide sequence, or can be sequenced as a set of fixed sequences
by synthesis on an array, or by any other suitable method known in the art.
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Methods for synthesis of complementary or partially complementary double
stranded SMI tags

[0060] SMI adaptors molecules containing a double-stranded, complementary,
degenerate or semi-degenerate SMI tag can be made by any of a number of methods,
including copying of a single-stranded SMI sequence by a DNA polymerase as described
above or synthesis and annealing of two oligonucleotides containing complementary SMi
sequences. An additional method involves synthesizing a set of linear oligonucleotides
which will self-anneal into the appropriate form. Inclusion of a cleavable linker in each
oligonucleotide will then allow for conversion of a "hairpin shaped" SMI adaptor molecule
into a "Y-shaped" SMI adaptor molecule. For example, an oligonucleotide may be

prepared of the following form:

[0061] In this schematic, X and Y represent complementary nucleotides, and U
indicates a cleavable linker, such as uracil (which can be cleaved by combined treatment
with uracil DNA glycosylase and apurinic endonuclease), although any other cleavable
linker will suffice. The oligonucleotide may be designed with appropriate regions of self-

complementarity to anneal into the following form:

/ \
/ \————— XXXX———————— 3’
U
\ /=== YYYY———————m 57
\ /
[0062] The linker (e.g. uracil) may then be cleaved, yielding a DCS adaptor:
\
\
\
——————— XXXK———————=3"
——————— YYYY———————-5/
/
/
/
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[0063] A double-stranded SMI hairpin linker can be constructed by an analogous
method but without the need for a cleavable linker. For example, a set of nucleotides of
known sequence where X and Y represent the complementary SMI sequences can be

synthesized on an array, or by any other suitable method known in the art:

[0064] This oligonucleotide can then self-anneal to form a hairpin linker with

complementary SMI sequences.

=====XXXX-—————— \
|
=====YYYY¥-——————— /
[0065] Any of the oligonucleotides described above can also include any ligatable

sequence as overhangs on either the 5' or 3' end, or can be used for blunt end ligation.

DCS SMI adaptor molecules may include sequences to allow for targeted DNA

capture

[0066] DCS SMI adaptor molecules contain ligatable ends to allow attachment of
the adaptor to a target DNA molecule. In some embodiments, the ligatable end may be
complementary to a DNA overhang on the target DNA, for example, one generated by
digestion of target DNA with a restriction endonuclease. Selective ligation of the adaptor
to the targeted DNA containing the matching Single-stranded overhanging DNA
sequence will then allow for partial purification of the targeted DNA. A non-limiting
example of this embodiment is shown above. In some embodiments, the DCS SMI
adaptor molecule, or a hairpin linker SMI adaptor molecule, may additionally contain
modifications such as biotin to facilitate affinity purification of target DNA that has ligated

to the adaptor.

[0067] In another embodiments, specific PCR primers can selectively amplify
specific regions of genome when the adaptor that is ligated to the other end of the
molecule is a hairpin (or “U-shape”). Alternatively, this method may be used with or

without the need for this cleavable hairpin sequence.
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Preparation of DNA for duplex consensus sequencing may be performed by PCR

amplification in a hairpin structure

[0068] Another embodiment involves fragmentation of DNA at defined regions, for
example by treatment of DNA with a site-specific restriction endonuclease or a mixture of
such endonucleases, followed by annealing of a hairpin oligonucleotide linker, and
amplification of the hairpin complex with PCR primers sufficient for amplification of the
desired DNA sequence. Annealing of the hairpin linker to only one of the two ends of the
DNA duplex could be accomplished by using different restriction enzymes to cut on either
end of the target duplex, and then having the hairpin linker ligation adaptor being ligatable
to only one of the two resultant ligatable ends.

[0069] The example shown below indicates forward and reverse PCR primers
(labeled 1 and 2) in conjunction with a hairpin linker to allow linked amplification of both
complementary strands of duplex DNA. Such amplification, in conjunction with a single-
stranded or double-stranded SMI sequence, would allow for targeted amplification and
high accuracy deep sequencing of a specific sequence of interest. In the schematic
shown below, a single-stranded SMI sequence is incorporated into PCR primer FC1. It
would be apparent to one skilled in the art that the SMI sequence could also be
incorporated in primer FC2, or in the hairpin linker.

FC1NNNN
DNA ====-————- \
|
DNA' ====—————- /
FC2
[0070] Amplified product:
FCINNNN DNA-——-hairpin seguence—-——-DNA’FC2
[0071] This product can then be subjected to consensus sequencing analysis. The

SMI sequence allows one to group together products of PCR amplification arising from a
single molecule of duplex DNA. The sequences of the two DNA strands can then be

compared for error correction.

Uses of SMI adapter molecules
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[0072] The SMI adaptor molecules described herein have several uses. In some
embodiments, the SMI adaptor molecules described herein may be used in methods to
obtain the sequence or other sequence-related information of a double-stranded target
nucleic acid molecule. According to the embodiments described herein, the term “double-
stranded target nucleic acid molecule” includes a double-stranded DNA molecule or a
double-stranded RNA molecule. Thus, the SMI adaptor molecules and methods of use
described herein are applicable to genotyping and other applications related to
sequencing of DNA molecules, but are also applicable to RNA sequencing applications
such as for sequencing of double-stranded RNA viruses. Methods for sequencing RNA
may include any of the embodiments described herein with respect to DNA sequencing,
and vice-versa. For example, any double stranded target nucleic acid molecule may be
ligated to an SMI adaptor molecule which includes a double-stranded RNA or DNA n-mer
tag and an RNA or DNA ligation adapter as described above. Methods exist for directly
sequencing RNA [51]; alternatively, the ligated product may be reverse transcribed into

DNA, and then sequenced as a double-stranded target DNA molecule.

[0073] In one embodiment, the double-stranded target nucleic acid molecule may
be a sheared double-stranded DNA or RNA fragment. The sheared target DNA or RNA
molecule may be end repaired and a double-stranded target nucleic acid sequence
ligation adaptor may be added to each end of the sheared target DNA or RNA molecule.
The double-stranded target nucleic acid sequence ligation adaptor may be any suitable
ligation adaptor that is complementary to the SMI ligation adaptor described above
including, but not limited to a T-overhang, an A-overhang, a CG overhang, blunt end or
any other ligatable sequence. In some embodiments, the double-stranded target nucleic
acid sequence ligation adaptor may be made using a method for A-tailing or T-tailing with
polymerase extension; adding an overhang with a different enzyme; using a restriction

enzyme to create a ligatable overhang; or any other method known in the art.

[0074] Methods to obtain the sequence or other sequence-related information of a
double-stranded target nucleic acid molecule may include a step of ligating the double-
stranded target nucleic acid molecule to at least one SMI adaptor molecule, such as those
described above, to form a double-stranded target nucleic acid complex. In one
embodiment, each end of the double-stranded target nucleic acid molecule is ligated to
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an SMI adaptor molecule. The double-stranded target nucleic acid complex is then
amplified by a method known in the art (e.g., a PCR or non-PCR method known in the
art), resulting in a set of uniquely labeled, amplified SMi-target nucleic acid products.
These products are then sequenced using any suitable method known in the art including,
but not limited to, the llumina sequencing platform, ABI SOIiD sequencing platform,
Pacific Biosciences sequencing platform, 454 Life Sciences sequencing platform, lon
Torrent sequencing platform, Helicos sequencing platform, and nanopore sequencing

technology.

[0075] In certain embodiments, a method of generating an error corrected double-
stranded consensus sequence is provided. Such a method, also referred to as duplex
consensus sequencing (DCS), allows for a quantitative detection of sites of DNA damage.
DCS analysis facilitates the detection of DNA damage signatures, in that single stranded
DNA mutations that are not present in the complementary strand can be inferred to be
artifactual mutations arising from damaged nucleotides. Not only can one correct for
these erroneous mutations, but the ability to indirectly infer that damage is present on the
DNA could be a useful biomarker (e.g. for cancer risk, cancer metabolic state, mutator
phenotype related to defective damage repair, carcinogen exposure, chronic
inflammation exposure, individual-specific aging, neurodegenerative diseases etc). The
ability to use different polymerases during the first round(s) of PCR to mis-incorporate at
damage sites could potentially add even more information. Besides polymerases, other
DNA modifying/repair enzymes could be used prior to amplification to convert damage of
one sort that doesn't give a specific mutagenic signature into another sort that does with
whatever polymerase is used. Alternatively, DNA modifying/repair enzymes could be
used to remove damaged bases, and one could sequence both strands of DNA both with
and without the enzymatic treatment. Mutations in single-stranded DNA that are seen to
be removed by the enzymatic treatment can thus be inferred to be arising due to DNA
damage. This could be useful on human nuclear or mtDNA but also might also be useful
with model organisms (mice, yeast, bacteria etc), treated with different new damaging
agents, facilitating a screen for DNA damaging compounds that would be analogous to
the widely used Ames test [52].
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[0076] The method of generating an error corrected double-stranded consensus
sequence may include a first stage termed “single strand consensus sequencing” (SSCS)
followed by a second stage of duplex consensus sequencing (DCS). Therefore, the
method includes steps of tagging individual duplex DNA molecules with an SMI adaptor
molecule, such as those described above; generating a set of PCR duplicates of the
tagged DNA molecules by performing a suitable PCR method; creating a single strand
consensus sequence from all of the PCR duplicates which arose from an individual
molecule of single-stranded DNA. Each DNA duplex should result in two single strand
consensus sequences. The work through these three steps conclude the first stage and
is termed SSCS.

[0077] The method of generating an error corrected double-stranded consensus
sequence further comprises the second stance that is termed DCS. The DCS stage
includes steps of comparing the sequence of the two single strand consensus sequences
arising from a single duplex DNA molecule, and further reducing sequencing or PCR
errors by considering only sites at which the sequences of both single-stranded DNA
molecules are in agreement. The method that includes the first stage and the second
stage termed Duplex Consensus Sequencing (DCS).

[0078] The step of tagging of both strands of individual duplex DNA may be
accomplished by ligation of degenerate or semi-degenerate complementary DNA
sequences; as the complementary nature of the two strands of such a tag sequence
allows the two molecules to be grouped together for error correction. Alternatively, as
described above, the two duplex DNA strands may be linked by ligation of a U-shaped
SMI adaptor molecule, and the two DNA strands can thus both be tagged with a single-
stranded SMI tag.

[0079] In the method described above, a set of sequenced SMI-DNA products
generated in the methods described above may be grouped into families of paired target
nucleic acid strands based on a common set of SMI sequences. Then, the paired target
nucleic acid strands can be filtered to remove nucleotide positions where the sequences
seen on both of the paired partner DNA strands are not complementary. This error
corrected double-stranded consensus sequence may be used in a method for confirming
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the presence of a true mutation (as opposed to a PCR error or other artifactual mutation)
in a target nucleic acid sequence. According to certain embodiments, such a method
may include identifying one or more mutations present in the paired target nucleic acid
strands that have one or more nucleotide positions that disagree between the two strands,
then comparing the mutation present in the paired target nucleic acid strands to the error
corrected double-stranded consensus sequence. The presence of a true mutation is
confirmed when the mutation is present on both of the target nucleic acid strands and

also appear in all members of a pared target nucleic acid family.

[0080] The accuracy of current approaches to next-generation sequencing is
limited due to their dependence on interrogating single-stranded DNA. This dependence
makes potential sources of error such as PCR amplification errors and DNA damage
fundamentally limiting. However, the complementary strands of a double-stranded DNA
molecule (or “DNA duplex”) contain redundant sequencing information (i.e., one molecule
reciprocally encoding the sequence information of its partner) which can be utilized to
eliminate such artifacts. Limitations related to sequencing single-stranded DNA (e.g.,
sequencing errors) may therefore be overcome using the methods described herein. This
is accomplished by individually tagging and sequencing each of the two strands of a
double-stranded (or duplex) target nucleic acid molecule and comparing the individual
tagged amplicons derived from one half of a double-stranded complex with those of the
other half of the same molecule. Duplex Consensus Sequencing (DCS), significantly
lowers the error rate of sequencing. In some embodiments, the DCS method may be
used in methods for high sensitivity detection of rare mutant and variant DNA as described

further below.

[0081] As described above, one approach that has previously been reported for
DNA sequencing involves incorporation of a random tag sequence into a PCR primer [36].
This approach results in an improvement in accuracy relative to standard lllumina
sequencing, but is fundamentally limited in that it is based upon amplification and
sequencing of single-stranded DNA and thus cannot overcome limitations in sensitivity
owing to single-stranded DNA damage events. In the methods described herein, PCR
duplicates are generated from a single strand of DNA, and the sequences of the
duplicates are compared. Mutations are scored only when they are present in multiple
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replicates of a single starting molecule. The DCS approach overcomes the limitation of

previous approaches by considering both DNA strands.

[0082] DNA damage should not be a limiting factor in DCS, because miscoding
damage events at a single base-pair position occur essentially exclusively on only one of
the two DNA strands. For DNA damage to result in an artifactual mutation in DCS,
damage would need to be present at the same nucleotide position on both strands. Even
if complementary nucleotides in a duplex were both damaged, the damage would need
to result in complementary sequencing errors to result in mis-scoring of a mutation.
Likewise, spontaneous PCR errors would need to result in complementary mutations at
the same position on both strands; with a first-round mutation frequency of Taq
polymerase of approximately 10 and three possible incorrect bases that could be mis-
inserted, the probability of two complementary PCR errors occurring would be 10° x 10
x1/3=3.3x 10"

[0083] According to some embodiments, the sequencing method may be
performed using the lllumina or similar platforms including those enumerated above
without the use of SMI adaptor molecules, but instead by using the random shear points
of DNA as identifiers. For a given DNA sequence seen in sequencing read 1 with a
specific set of shear points, the partner strand will be seen as a matching sequence in
read two with identical shear points. In practice, this approach is limited by the limited
number of possible shear points that overlap any given DNA position. However,
according to some embodiments, shear points of a target nucleic acid molecule may be
used as unique identifiers to identify double-stranded (or duplex) pairs, resulting in an
apparent error frequency at least as low as that seen with traditional sequencing methods,
but with a significantly lower loss of sequence capacity. In other embodiments, DCS
based on shear points alone may have a role for confirmation that specific mutations of
interest are true mutations which were indeed present in the starting sample (i.e. present
in both DNA strands), as opposed to being PCR or sequencing artifacts. Overall, however,
DCS is most generally applicable when randomized, complementary double-stranded
SMI sequences are used. A 24 nucleotide double-stranded SMI sequence was used in
the Example described below, which may yield up to 4%* = 2.8 x 10" distinct double-
stranded SMI sequences. Combining information regarding the shear points of DNA with
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the SMI tag sequence would allow a shorter SMI to be used, thus minimizing loss of
sequencing capacity due to sequencing of the SMI itself.

[0084] In certain embodiments, the SMI adaptor molecules may also be used in
methods of single-molecule counting for accurate determination of DNA or RNA copy
number [38]. Again, since the SMI tags are present in the adaptors, there are no altered
steps required in library preparation, which is in contrast to other methods for using
random tags for single-molecule counting. Single-molecule counting has a large number
of applications including, but not limited to, accurate detection of altered genomic copy
number (e.g., for sensitive diagnosis of genetic conditions such as trisomy 21 [47]), for
accurate identification of altered mRNA copy number in transcriptional sequencing and
chromatin immunoprecipitation experiments, quantification of circulating microRNAs,
quantification of viral load of DNA or RNA viruses, quantification of microorganism
abundance, quantification of circulating neoplastic cells, counting of DNA-labeled
molecules of any variety including tagged antibodies or aptamers, and quantification of

relative abundances of different individual’s genomes in forensic applications.

[0085] In another embodiment, the SMI adaptor molecules may be used in
methods for unambiguous identification of PCR duplicates. In order to restrict sequencing
analysis to uniquely sequenced DNA fragments, many sequencing studies include a step
to filter out PCR duplicates by using the shear points at the ends of DNA molecules to
identify distinct molecules. When multiple molecules exhibit identical shear points, all but
one of the molecules are discarded from analysis under the assumption that the
molecules represent multiple PCR copies of the same starting molecule. However
sequence reads with identical shear points can also reflect distinct molecules because
there are a limited number of possible shear points at any given genomic location, and
with increasing sequencing depth, recurrent shear points are increasingly likely to be seen
[48]. Because the use of SMI tags (or “double-stranded SMI sequences”) allows every
molecule to be uniquely labeled prior to PCR duplication, true PCR duplicates may be
unambiguously identified by virtue of having a common (i.e., the same or identical) SMI
sequence. This approach would thereby minimize the loss of data by overcoming the
intrinsic limitations of using shear points to identify PCR duplicates.
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[0086] Importantly, once SMlI-containing adaptors are synthesized by a
straightforward series of enzymatic steps or are produced through synthesis of a set of
oligonucleotides containing complementary tag sequences, they may be substituted for
standard sequencing adaptors. Thus, use of DCS does not require any significant
deviations from the normal workflow of sample preparation for lllumina DNA sequencing.
Moreover, the DCS approach can be generalized to nearly any sequencing platform
because a double-stranded SMI tag can be incorporated into other existing adaptors, or
for sequencing approaches that do not require adaptors, a double-stranded SMI tag can
be ligated onto duplex DNA sample prior to sequencing. The compatibility of DCS with
existing sequencing workflows, the potential for greatly reducing the error rate of DNA
sequencing, and the multitude of applications for the double-stranded SMI sequences
validate DCS as a technique that may play a general role in next generation DNA

sequencing.

[0087] The following examples are intended to illustrate various embodiments of
the invention. As such, the specific embodiments discussed are not to be construed as
limitations on the scope of the invention. It will be apparent to one skilled in the art that
various equivalents, changes, and modifications may be made without departing from the
scope of invention, and it is understood that such equivalent embodiments are to be
included herein. Further, all references cited in the disclosure are hereby incorporated
by reference in their entirety, as if fully set forth herein.

EXAMPLES

Example 1: Generation of SMI Adaptor Molecules and their use in sequencing
double-stranded target DNA

Materials and Methods

[0088] Materials. Oligonucleotides were from IDT and were ordered as PAGE
purified. Klenow exo- was from NEB. T4 ligase was from Enzymatics.

[0089] DNA isolation. Genomic DNA was isolated from normal human colonic
mucosa by sodium iodide extraction (Wako Chemicals USA).
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[0090] Adaptor synthesis. The adaptors were synthesized from two oligos,

designated as:

the primer strand:
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGA
CGCTCTTCCGATCT (SEQ ID NO:1); and
the template strand:
/5phos/ACTGNNNNNNNNNNNNAGATCGGAAGAGCACACGTCTG
AACTCCAGTCAC (SEQ ID NO:2).
[0091] The two adaptor strands were annealed by combining equimolar amounts
of each oligo to a final concentration of 50 micromolar and heating to 95°C for 5 minutes.
The oligo mix was allowed to cool to room temperature for over 1 hour. The annealed
primer-template complex was extended in a reaction consisting of 40 micromolar primer-
template, 25 units Klenow exo-DNA polymerase (New England Biolabs), 250 micromolar
each dNTP, 50 mM NaCl, 10 mM Tris-HCI pH 7.9, 10 mM MgClz, and 1 mM dithiothreitol
(DTT) for 1 hour at 37°C. The product was isolated by ethanol precipitation. Due to the
partial A-tailing property of Klenow exo-, this protocol results in a mixture of blunt-ended
adapters and adapters with a single-nucleotide A hverhang. A single-nucleotide A
overhang was added to residual blunt fragments by incubating the adapters with 25 units
Klenow exo-, 1 mM dATP, 50 mM NaCl, 10 mM Tris-HCI pH 7.9, 10 mM MgCI2, and 1
mM dithiothreitol (DTT) for 1 hour at 37°C. The product was again ethanol precipitated
and resuspended to a final concentration of 50 micromolar.

[0092] Sequencing library preparation. 3 micrograms of DNA was diluted into 130
microliters of TE buffer (10 mM tris-HCI, pH 8.0, 0.1 M EDTA) and was sheared on the
Covaris AFA system with duty cycle 10%, intensity 5, cycles/burst 200, time 20 seconds
x 6, temperature 4°C. DNA was purified with 2 volumes of Agencourt AMPure XP beads
per the manufacturer’s protocol. After end-repair with the NEB end-repair kit per the
manufacturer’s protocol, DNA fragments larger than the optimal range of ~200-500 bp
were removed by adding 0.7 volumes of AMPure XP beads and transferring the
supernatant to a separate tube (fragments larger than 500 bp bind to the beads and are
discarded). An additional 0.65 volumes of AMPure XP beads were added (this step
allows fragments of approximately 200bp or greater to bind to the beads). The beads
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were washed and DNA eluted. DNA was then T-tailed in a reaction containing 5 units
Klenow exo-, 1 mM dTTP, 50 mM NaCl, 10 mM Tris-HCI pH 7.9, 10 mM MgCI2, 1 mM.
The reaction proceeded for 1 hour at 37 C. DNA was purified with 1.2 volumes of AMPure
XP beads. The custom adaptors were ligated by combining 750 ng of T-tailed DNA with
250 pmol adaptors in a reaction containing 3000 units T4 DNA ligase, 50 mM Tris-HCI
pH 7.6, 10 mM MgCI2, 5 mM DTT, 1 mM ATP. The reaction was incubated 25 C for 15

minutes, and purified with 1.2 volumes of AMPure XP beads.

[0093] Pre-capture amplification. 375 ng adaptor-ligated DNA was PCR amplified
with primers AATGATACGGCGACCACCGAG (SEQ ID NO:3) and
GTGACTGGAGTTCAGACGTGTGC (SEQ ID NO:4) using the Kappa high-fidelity PCR
kit for 8 cycles with an annealing temperature of 60 C. The product was purified with 1.2
volumes of AMPure XP beads.

[0094] DNA capture. Target capture was performed with the Agilent SureSelect
system per the manufacturer’s recommendations, except that capture volumes were
performed at one-half of the standard volume. The capture set targeted an arbitrary 758
kb region of the genome consisting of both coding and noncoding sequences. Capture
baits were 120 nt in length, and were prepared with the Agilent eArray tool with 3x tiling.

[0095] Post-capture amplification. Captured DNA was amplified with PCR primers
AATGATACGGCGACCACCGAG (SEQ ID NO:3) and CAAGC
AGAAGACGGCATACGAGATXXXXXXGTGACTGGAGTTCAGACGTGTGC (SEQ ID
NO:5) where XXXXXX indicates the position of a fixed multiplexing barcode sequence).
2 0 fmol of DNA was used per lane for sequencing on an lllumina HiSeq 2000.

[0096] Data processing. Reads with intact SMI adaptors include a 12 nucleotide
random sequence, followed by a 5 nucleotide fixed sequence. These reads were
identified by filtering out reads that lack the expected fixed sequence at positions 13-17.
The SMI sequence from both the forward and reverse sequencing reads (i.e., the first and
second degenerate n-mer sequences) was computationally added to the read header,
and the fixed sequence removed. The first 4 nucleotides located following the adaptor
sequence were also removed due to the propensity for ligation and end-repair errors to
result in an elevated error rate near the end of the DNA fragments. Reads having
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common (i.e., identical) SMI sequences were grouped together, and were collapsed to
generate a consensus read. Sequencing positions were discounted if the consensus
group covering that position consisted of fewer than 3 members, or if fewer than 90% of
the sequences at that position in the consensus group had the identical sequence. Reads
were aligned to the human genome with the Burrows-Wheeler Aligner (BWA). The
consensus sequences were then paired with their strand-mate by grouping each 24
nucleotide tag of form AB in read 1 with its corresponding tag of form BA in read 2.
Resultant sequence positions were considered only when information from both DNA
strands was in perfect agreement. An overview of the data processing workflow is as
follows:

1. Discard reads that do not have the 5 nt fixed reference (or “spacer”) sequence

(CAGTA; SEQ ID NO:6) present after 12 random nucleotides.

. Combine the 12 nt SMI tags from read 1 and read 2, and transfer the

N

combined 24 nt SMI sequence into the read header.

w

. Discard SMIs with inadequate complexity (i.e., those with > 10 consecutive
identical nucleotides).

»

Remove the 5 nt fixed reference sequence.

(&)

. Trim an additional 4 nt from the 5’ ends of each read pair (sites of error prone
end repair).

»

. Group together reads which have identical 24 nt SMis.

7. Collapse to SMI consensus reads, scoring only positions with 3 or more SMI
duplicates and >90% sequence identity among the duplicates.

8. For each read in read 1 file having SMI of format AB, group with
corresponding DCS partner in read 2 with SMI of format BA.

9. Only score positions with identical sequence among both DCS partners.

10. Align reads to the human genome.

[0097] Code for carrying out the workflow may be pre-existing or may involve
programming within the skill of those in the art. In some embodiments, however, the

Python code, which is illustrated in Figure 10, may be used for carrying out the pairing

and scoring of partner strands according to steps 8 and 9 of the workflow described above.
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Overview

[0098] To overcome limitations in the sensitivity of variant detection by single-
stranded next-generation DNA sequencing, an alternative approach to library preparation
and analysis was designed, which is known herein as Duplex Consensus Sequencing
(DCS) (Figure 1). The DCS method described herein involves tagging both strands of
duplex DNA with a random, yet complementary double-stranded nucleotide sequence,
which is known herein as a double-stranded single molecule identifier (SMI) sequence.
The SMI sequences (in this case, double stranded SMI sequences) are incorporated into
the SMI adaptor molecules by introducing a single-stranded randomized nucleotide
sequence into one adapter strand and the extending the opposite strand with a DNA
polysmerase to yield a complementary, double-stranded SMI sequence (Figure 2). The
individually tagged strands are then PCR amplified. Every duplicate that arises from a
single strand of DNA will have the same SMI, and thus each strand in a DNA duplex pair
generates a distinct, yet related population of PCR duplicates after amplification owing to
the complementary nature of the SMIs on the two strands of the duplex. Comparing the
sequence obtained from each of the two strands comprising a single molecule of duplex
DNA facilitates differentiation of sequencing errors from true mutations. When an
apparent mutation is, due to a PCR or sequencing error, the substitution will only be seen
on a single strand. In contrast, with a true DNA mutation, complementary substitutions
will be present on both strands (see Figure 4C).

[0099] Following tagging with a double-stranded SMI and PCR amplification, a
family of molecules is obtained that arose from a single DNA molecule; members of the
same PCR “family” are then grouped together by virtue of having a common (i.e., the
same) SMI tag sequence. The sequences of uniquely tagged PCR duplicates are
subsequently compared in order to create a PCR consensus sequence. Only DNA
positions that yield the same DNA sequence in a specified proportion of the PCR
duplicates in a family, such as 90% of the duplicates in one embodiment, are used to
create the PCR consensus sequence. This step filters out random errors introduced
during sequencing or PCR to yield the PCR consensus sequences, each of which derives
from an individual molecule of single-stranded DNA. This set of PCR consensus

sequences are called single strand consensus sequences (SSCSs).
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[00100] Next, PCR consensus sequences arising from two complementary strands
of duplex DNA can be identified by virtue of the complementary SMIs (Figure 3) to identify
the “partner SMIL.” Specifically, a 24-nucleotide SMI consists of two 12-nucleotide
sequences that can be designated XY. For an SMI of form XY in read 1, the partner SMI
will be of form YX in read 2. An example to illustrate this point is given in Figure 4.
Following partnering of two strands by virtue of their complementary SMis, the sequences
of the strands are compared. Sequence reads at a given position are kept only if the read
data from each of the two paired strands is in agreement.
Results

[00101] In order to label or tag each of the strands of duplex DNA with unique
complementary tags, adaptors which contain the standard sequences required for the
lNlumina HiSeq system were synthesized, but with addition of a double-stranded,
complementary SMI sequence (or “tag”) of 12 random nucleotides (or a random
“degenerate sequence”) per strand. Target DNA molecules having a random SMI
sequence n-mer that is 12 nucleotides in length on each end will therefore have a unique
24 nucleotide SMI sequence. The adaptors were prepared (Figure 2) from two partially
complementary oligonucleotides, one of which has a single-stranded 12 nucleotide
random nucleotide sequence (i.e. a first random degenerate nucleotide n-mer sequence)
followed by a single stranded fixed reference sequence that is 4 nucleotides in length.
The single-stranded random nucleotide tag was converted to a double-stranded,
complementary SMI tag by extension with Klenow exo- DNA polymerase and the
extended adaptor was purified by ethanol precipitation. Due to the partial A-tailing
property of Klenow exo-, this protocol results in a mixture of blunt-ended adaptors and
adaptors with a single-nucleotide A overhang (data not shown). A single-nucleotide A-
overhang was added to the residual blunt fragments by incubating the adaptors with
Klenow exo- DNA polymerase and a high concentration of dATP (1 mM), and purified the
adaptors again by ethanol precipitation.

[00102] DNA for sequencing was sheared and end-repaired by standard methods,
with size-selection for fragments in the range of ~200-500 bp by size-selective binding to
Ampure XP beads. Standard lllumina library preparation protocols involve ligating A-

tailed DNA to T-tailed adaptors. However, because A-tailed adaptors were used, the
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DNA was T-tailed by incubating the end-repaired DNA with Klenow exo- DNA polymerase
and 1 mM dTTP. The adaptor-ligated library was PCR amplified and subjected to
SureSelect capture, with targeting of an arbitrary 758 kb portion of the genome (DNA
coordinates available upon request). The efficiency of adaptor ligation, PCR ampilification,
DNA capture, and sequencing were comparable to those seen with standard library
preparation methods (data not shown). Although Agilent Sure Select probes are used in
this example, any suitable method of DNA selection may be used to capture particular
target double-stranded DNA sequences. For example, selection and capture may be
accomplished by any selection by hybridization method (e.g., Agilent SureSelect, Primer
Extension Capture, exploitation of biotinylated PCR amplicons as bait, Agilent HaloPlex)
wherein probes that target the desired double-stranded DNA sequence may be recovered
by an in-array capture (using probes immobilized on glass slides) or by affinity using
magnetic beads in an in-solution capture. In addition, mitochondrial and some other
forms of DNA may be isolated by size selection. Alternatively, in some embodiments, no
enrichment is performed.

[00103] This protocol was used to sequence DNA isolated from normal colonic
mucosa. Mutations were initially scored without consideration of the SMI sequences.
PCR duplicates were filtered out with samtools rmdup, a standard tool which uses the
shear points of DNA molecules to identify PCR duplicates, as molecules arising from
duplicated DNA will have shared shear points. In order to focus specifically on non-clonal
mutations, only those positions in the genome with at least 20x coverage and at which
fewer than 5% of reads differed from the hg19 reference sequence were considered. This
approach resulted in 70.9 million nucleotides of sequence data and 56,890 mutations,
indicating an overall mutation frequency of 8.03 x 10, in accord with the error rate of
lllumina next-generation sequencing of ~0.1-1% [32].

[00104] Next, the SMI tags were used to group together PCR duplicates that arose
from individual single-stranded DNA molecules and to create a consensus sequence from
the family of duplicates. At least 3 PCR duplicates were required, with at least 90%
agreement in sequence among all duplicates, to consider a site for mutations. Scoring
the mutation frequency as above, again considering only sites with a minimum of 20x

coverage and with <5% of reads differing from reference, resulted in 145 million
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nucleotides of sequence with 6,508 mutations and an overall mutation frequency of
4.47x10°°, consistent with prior reports [36]. Notably, far more nucleotides of DNA
sequence were obtained in this approach (145 million) than in the standard lllumina
sequencing approach (70 million) detailed above which is dependent on use of the shear
points of single-ended reads to identify PCR duplicates. The improved sequence
coverage arose from use of the SMI to identify PCR duplicates, because identifying PCR
duplicates by consideration of uniquely sheared DNA ends is fundamentally limited by the
small number of possible shear points that overlap a given position of the genome and
the propensity for specific genomic regions to be more readily undergo shearing. Thus
filtering PCR duplicates by using shear points resulted in discarding a large portion of the
reads.

[00105] Finally, the complementary nature of the double-stranded SMI sequences
was used to identify pairs of consensus groups that arose from complementary DNA
strands. Sequence reads were considered only when the read data from each of the two
strands is in perfect agreement. In a pilot experiment, after grouping of PCR duplicates
as above, 29,409 SMI partner pairs were found, indicative that fewer than 1% of tags had
their corresponding partner tag present in the library. The low recovery of tag pairs was
most likely due to inadequate amplification of the starting DNA library. Among these tag-
pairs, 24,772 duplex consensus strands were identified with an average strand length of
82 nucleotides, resulting in 2 million nucleotides of DNA consensus sequence. The
sequences of the paired duplex strands disagreed at 3,585 of the nucleotide positions,
indicative of single-stranded errors (i.e. PCR or sequencing errors); these sites of
disagreement were removed, leaving only bases at which the sequence of both duplex
strands were in perfect agreement. Next, as above, analysis of mutation frequencies was
restricted to sites with at least 10x coverage and at which fewer than 10% of reads
disagreed from the hg19 reference sequence. Because the 2 million nucleotides of read
data were spread across a 758kb target, our average depth was only ~3x. Thus only
14,464 nucleotides of DNA sequence corresponded to sites with at least 10x depth.
Among these sites, zero mutations were seen. To increase the number of tag pairs

considered, analysis described above was repeated, but PCR duplicates were grouped

-35-

153302769.1

0056



Attorney Docket No. 072227-8043.US24

with a minimum of only 1 duplicate per site. This resulted in 28,359 nucleotides of DNA
sequence with at least 10x depth. Again, no mutations were detected.

[00106] Current experiments are being performed on vastly smaller target DNA
molecules (ranging from ~300 bp to ~20 kb in size). Use of smaller DNA targets will allow
for much greater sequencing depth, and far more accurate assessment of the background
mutation rate of the assay. In addition, the protocol has been modified to incorporate a
greater number of PCR cycles initiated off a smaller number of genome equivalents,
which will increase the fraction of tags for which both of the partner tag strands have been
sufficiently amplified to be represented in the final sequence data. Indeed, among the 3.6
million SMlis present in our initial library which underwent PCR duplication, 1.5 million of
the SMIs were present only once, indicating insufficient amplification of the DNA due in
part to the low number of PCR cycles used.

Example 2: Duplex Sequencing of Human Mitochondrial DNA.

Materials and methods

[00107] In addition to those described in Example 1 above, the following materials
and methods were also used.

[00108] DNA Isolation. Mitochondrial DNA was isolated as previously described (4).
[00109] Data processing. The entire human genome sequence (hg19) was used as
reference for the mitochondrial DNA experiment, and reads that mapped to chromosomal
DNA were removed. Reads sharing identical tag sequences were then grouped together
and collapsed to consensus reads. Sequencing positions were discounted if the
consensus group covering that position consisted of fewer than three members or if fewer
than 90% of the sequences at that position in the consensus group had the identical
sequence. A minimum group size of three was selected because next-generation
sequencing systems have an average base calling error rate of ~1/100. Requiring the
same base to be identified in three distinct reads decreases the frequency of single-strand
consensus sequence (SSCS) errors arising from base-call errors to (1/100)3 = 1 x 1078,
which is below the frequency of spontaneous PCR errors that fundamentally limit the
sensitivity of SSCSs. The requirement for 90% of sequences to agree to score a position
is a highly conservative cutoff. For example, with a group size of eight, a single
disagreeing read will lead to 87.5% agreement and the position will not be scored. If all
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groups in an experiment are of size nine or less, this cutoff will thus require perfect
agreement at any given position to score the position. Further development of our
protocol may allow for less stringent parameters to be used to maximize the number of
SSCS and duplex consensus sequence (DCS) reads that can be obtained from a given
experiment.
Results

[00110] Having established the methodology for Duplex Sequencing with M13mp2
DNA, which is a substrate for which the mutation frequency and spectrum are fairly well
established, it was desired to apply the approach to a human DNA sample. Thus,
mitochondrial DNA was isolated from human brain tissue and sequenced the DNA after
ligation of Duplex Sequencing adapters. A standard sequencing approach with quality
filtering for a Phred score of 30 resulted in a mutation frequency of 2.7 x 10-3, and SSCS
analysis yielded a mutation frequency of 1.5 x 10—4. In contrast, DCS analysis revealed
a much lower overall mutation frequency of 3.5 x 10-5 (Figure 5A). The frequency of
mutations in mitochondrial DNA has previously been difficult to measure directly due in
part to sources of error in existing assays that can result in either overestimation or
underestimation of the true value. An additional confounder has been that most
approaches are limited to interrogation of mutations within a small fraction of the genome
[56]. The method of single-molecule PCR, which has been proposed as an accurate
method of measuring mitochondrial mutation frequency [56] and is considered resistant
to damage-induced background errors [57], has resulted in a reported mitochondrial
mutation frequency in human colonic mucosa of 5.9 x 10-5 + 3.2 x 10-5 [56], which is in
excellent agreement with our result. Likewise, mitochondrial DNA sequence divergence
rates in human pedigrees are consistent with a mitochondrial mutation frequency of 3-5
x 10-5 [58, 59].

[00111] When the distribution of mutations throughout the mitochondrial genome is
considered, the quality filtered reads (analyzed without consideration of the tags) have
many artifactual errors, such that identification of mutational hotspots is difficult or
impossible (Figure 5B). DCS analysis removed these artifacts (Figure 5C) and revealed
striking hypermutability of the region of replication initiation (D loop), which is consistent
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with prior estimates of mutational patterns in mitochondrial DNA based upon sequence
variation at this region within the population [60].

[00112] SSCS analysis produced a strong mutational bias, with a 130-fold excess
of G—T relative to C—A mutations (Figure 5D), consistent with oxidative damage of the
DNA leading to first-round PCR mutations as a significant source of background error. A
high level of oxidative damage is expected in mitochondrial DNA, due to extensive
exposure of mitochondria to free radical species generated as a byproduct of metabolism
[61]. DCS analysis (Figure 5E) removed the mutational bias and revealed that transition
mutations are the predominant replication errors in mitochondrial DNA. The DCS mutation
spectrum is in accord with prior estimates of deamination events [62] and T-dGTP
mispairing by the mitochondrial DNA polymerase [63] as primary mutational forces in
mitochondrial DNA. Furthermore, the mutation spectrum of our mitochondrial data are
consistent with previous reports of heteroplasmic mutations in human brain showing an
increased load of A—G/T—C and G—A/C—T transitions, relative to transversions [64,
65]. A similar spectral bias has also been reported in mice [62, 66] and in population
studies of Drosophila melanogaster [67].

Example 3: Demonstration of error-correction by DCS using randomly sheared
DNA ends as Single Molecule Identifiers

Materials and Methods

[00113] In addition to those described in the Examples above, the following
materials and methods were also used to demonstrate the capability of DCS analysis to
remove sequencing errors

[00114] Sequencing library preparation. Genomic DNA was isolated from a
derivative of Saccharomyces cerevisiae strain SC288 by standard methods. The DNA
was randomly sheared by the Covaris AFA system, followed by end-repair, A-tailing, and
ligation of lllumina TruSeq DNA sequencing adaptors, all by standard library preparation
methods. The resultant sequence data consisted of an average 32.5 fold depth of the 12
megabase S. cerevisiae genome.

[00115] Data analysis. The first 10 nucleotides of each sequencing read pair,
corresponding to the randomly sheared DNA ends, were combined, such that the first 10
nucleotides of read 1, referred to as A, was combined with the first 10 nucleotides of read
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2, referred to as B, to yield an SMI tag of form AB. Reads were grouped according to
SMI sequence, and nucleotide reads were considered only if they agreed among at least
90% of family members sharing a given tag sequence. For DCS analysis, a tag of form
AB1 is partnered with the corresponding tag of form BA2, and nucleotide positions are
considered only when the sequence is in agreement among read pairs with matching tags
AB1 and BA2.

Results
[00116] In order to demonstrate the capability of DCS analysis to remove
sequencing errors, a sequencing library was prepared under standard conditions with
commercially available sequencing adaptors, and the randomly sheared DNA ends were
used as SMI's. First, reads were grouped by SMI with a minimum family size of 1
member. Considering only sites with a minimum of 20x coverage and with <5% of reads
differing from reference, this analysis resulted in 644.8 million nucleotides of sequence
data and 2,381,428 mutations, yielding an overall mutation frequency of 3.69 x 103.
[00117] The data was then subjected to DCS analysis with the SMI tags, searching
for tags of form AB1 that have partner tags of form BA2, and considered only positions at
which the sequence from the two strands was in perfect agreement. 3.1% of the tags
had a matching partner present in the library, resulting in 2.9 million nucleotides of
sequence data. The sequences of the duplex strands were not complementary at 40,874
nucleotide positions; these disagreeing positions, representing likely sequencing or PCR
errors, were removed from analysis. Again considering positions with at least 20x
coverage and <5% of reads differing from reference, 3.0 million nucleotides of sequence
data and 157 mutations were obtained, with an overall mutation frequency of 5.33 x 105,
indicative of removal of >98% of mutations seen in raw analysis and thereby
demonstrating the capability of DCS to lower the error rate of DNA sequencing.
[00118] To compare this result to the method of Kinde et al. [36], reads were
grouped into families by SMI tag as before but filtered for families with a minimum of 3
members. This resulted in 1.4 million nucleotides of sequence data and 61 mutations,
with an overall mutation frequency of 4.25 x 10-%.  Thus, the method of Kinde et al., with
a minimum family size of 3, resulted in less than half as much resultant sequence data

after filtering than was obtained by DCS with a minimum family size of 1. Thus, DCS
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lowered the error rate of sequencing to a comparable degree to a method considered
state-of-the-art, but with less loss of sequencing capacity.
Discussion

[00119] It was demonstrated that DCS analysis, using sheared DNA ends as unique
molecular identifiers, results in a lowering of the apparent error rate of DNA sequencing.
As this proof-of-concept experiment was performed on a library that was not optimized to
maximize recovery of both strands, there were not sufficient strand-pairs recovered to
perform DCS analysis with a minimum family size of >1 member. Requiring family sizes
>1 is expected to further reduce sequencing errors. Moreover, this analysis was limited
in that it did not include ligation of degenerate SMI tag sequences; owing to the limited

number of shear points flanking any given nucleotide position, use of shear points as

SMis limits the number of unique molecules that can be sequenced in a single experiment.

The use of shear points as SMIs in conjunction with an exogenously ligated SMI tag
sequence would allow for increased depth of sequencing at any given nucleotide position.

Example 4: Demonstrations of duplex consensus sequencing

[00120] In addition to those described in Examples 1 and 2 above, the following
materials and methods were also used.

Materials and Methods
[00121] Construction of M13mp2 Variants. M13mp2 gapped DNA encoding the

LacZ a fragment was extended by human DNA polymerase 0 [2] and the resultant
products were transformed into Escherichia coli and subjected to blue-white color
screening as previously described [3]. Mutant plagues were sequenced to determine the
location of the mutation resulting in the color phenotype. A series of mutants, each
differing from wild type by a single nucleotide change, were then mixed together with wild-
type M13mp2 DNA to result in a single final mixture with distinct mutants represented at
ratios of 1/10 (G6267A), 1/100 (T6299C), 1/1,000 (G6343A), and 1/10,000 (A6293T).
[00122] Oxidative Damage of M13mp2 DNA. Induction of DNA damage was
performed by minor modifications to a published protocol [5]: 300 ng of M13mp2 double-
stranded DNA was incubated in 10 mM sodium phosphate buffer, pH 7.0, in the presence
of 10 uM iron sulfate and 10 pM freshly diluted hydrogen peroxide. Incubation proceeded
for 30 min at 37 °C in open 1.5-mL plastic microcentrifuge tubes.
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[00123] DNA Isolation. M13mp2 DNA was isolated from E. coli strain MC1061 by
Qiagen Miniprep. To allow for greater sequencing depth at a defined region of the
M13mp2 genome, an 840-bp fragment was enriched by complete digestion with the
restriction enzymes Bsu361 and Nael (New England Biolabs), followed by isolation of the
fragment on an agarose gel by the Recochip system (Takara Bio).

Duplex Consensus Sequencing of M13 DNA removes artifactual sequencing

errors.
[00124] The spontaneous mutation rate of M13mp2 DNA has been well established
by a number of exquisitely sensitive genetic assays to be 3.0E-6 [53], that is, an average
of one spontaneous base substitution error for every 330,000 nucleotides. Thus this
substrate is well suited as a control for determining the background error frequency of
DNA sequencing. M13mp2 DNA was sheared and ligated to adaptors containing double-
stranded complementary SMI sequences by standard protocols, and was subjected to
deep sequencing on an lllumina HiSeq 2000 followed by Consensus Sequencing analysis
(Figure 6).

[00125] Analysis of the data by standard methods (i.e., without consideration of the
double stranded SMI sequences) resulted in an error frequency of 3.8E-03, more than
one thousand fold higher than the true mutation frequency of M13mp2 DNA. This
indicates that >99.9% of the apparent mutations identified by standard sequencing are in
fact artifactual errors.

[00126] The data were then analyzed by Single Strand Consensus Sequencing
(SSCS), using the unique SMI tag affixed to each molecule to group PCR products
together in order to create a consensus of all PCR products that came from an individual
molecule of single-stranded DNA. This resulted in a mutation frequency of 6.4E-OS,
suggesting that -98% of sequencing errors are corrected by SSCS.

[00127] Next, the data were subjected to Duplex Consensus Sequencing (DCS),
which further corrects errors by using the complementary SMI tags to compare the DNA
sequence arising from both of the two strands of a single molecule of duplex DNA. This
approach resulted in a mutation frequency of 2.SE-06, in nearly perfect agreement with
the true mutation frequency of M13mp2 DNA of 3.0E-06. The number of nucleotides of
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DNA sequence obtained by a standard sequencing approach, and after SSCS and DCS
analysis, may be found in Table 1 below.
[00128] Table 1. Data yield from Duplex Sequencing

M13mp2 DNA Mitochondrial DNA

Initial nucleotides 6.5 x 109 6.2 x 109
SSCS nucleotides 8.7 x 107 4.1 x 108
DCS nucleotides 2.2E x 107 9.7 x 107
Initial reads per SSCS read 75 15
Initial reads per DCS read 295 64
SSCS reads per DCS read 4 4

Initial nucleotides represent raw reads that contain the expected
fixed adapter sequence following 12 degenerate nucleotides and map to
the reference genome. Apparent nucleotide loss in converting initial
reads to SSCSs occurs because many of the initial reads intentionally
represent identical PCR duplicates of single-stranded DNA molecules to
allow for removal of sequencing and PCR errors by comparison of the
sequence among the duplicates. A minimum of three initial reads are
required to produce one SSCS; however, a greater average number is
necessary to ensure that most DNA fragments have at least this number
of duplicates. Under fully optimized conditions, each DCS read would
arise from exactly two SSCS reads (one arising from each strand of the
initial molecule of duplex DNA). An SSCS:DCS ratio greater than 2
indicates that the strand partner of some SSCSs was not recovered.

[00129] For an artifactual error to be scored by DCS, complementary artifactual
errors must occur on both strands of a molecule of duplex DNA. Thus the background
(artifactual) error frequency of DCS may be calculated as: (probability of error on one
strand) * (probability of error on other strand) * (probability that both errors are
complementary).
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[00130] As the background error frequency of SSCS in this experiment was -6E-S,
the background error frequency of DCS can be calculated as 6E-S * 6E-S * (1/3) = 1.2E-
9. This represents a greater than 3 million fold improvement over the error rate of 3.SE-
03 that was obtained by a standard sequencing approach.

Consensus sequencing reveals likely sites of DNA damage
[00131] M13mp2 DNA was sequenced as detailed above, with DCS adaptors

containing double-stranded complementary SMls. The spectrum of mutations obtained

with SSCS was determined. Data was filtered to consist of forward-mapping reads from
Read 1, i.e. sequencing of the reference strand, and reverse-mapping reads from Read
1, i.e. sequencing of the anti-reference strand. True mutations would result in an equal
balance between mutations on the reference strand and their complementary mutation
on the anti-reference strand.

[00132] However, SSCS analysis revealed a large number of single-stranded G—T
mutations on reads mapping in the forward orientation to the reference genome, with a
much smaller number of C—A mutations mapping to the reverse orientation. The
spectrum of mutations identified by both SSCS and DCS analysis were examined relative
to literature reference values [53] for the M13mp2 substrate (Figure 7A). SSCS analysis
revealed a large excess of G—-A/C—T and G—T/C—A mutations relative to reference (P
< 10-6, two-sample t test). In contrast, DCS analysis was in excellent agreement with the
literature values with the exception of a decrease relative to reference of these same
mutational events: G—-A/C—T and G—-T/C—A (P < 0.01). To probe the potential cause
of these spectrum deviations, the SSCS data were filtered to consist of forward-mapping
reads from read 1 (i.e., direct sequencing of the reference strand) and the reverse
complement of reverse-mapping reads from read 1 (i.e., direct sequencing of the
antireference strand.) True double-stranded mutations should result in an equal balance
of complementary mutations observed on the reference and antireference strand.
However, SSCS analysis revealed a large number of single-stranded G—T mutations,
with a much smaller number of C—A mutations (Figure 7B). A similar bias was seen with
a large excess of C—T mutations relative to G—A mutations.

[00133] Base-specific mutagenic DNA damage is a likely explanation of these
imbalances. Excess G—T mutations are consistent with the oxidative product 8-oxo-
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guanine (8-oxo-G) causing first round PCR errors and artifactual G—T mutations. DNA
polymerases, including those commonly used in PCR, have a strong tendency to insert
adenine opposite 8-oxo-G [45, 54], and misinsertion of A opposite 8-oxo-G would result
in erroneous scoring of a G—T mutation. Likewise, the excess C—T mutations are
consistent with spontaneous deamination of cytosine to uracil [47], a particularly common
DNA damage event that results in insertion during PCR of adenine opposite uracil and
erroneous scoring of a C—T mutation.

[00134] To determine whether the excess G—T mutations seen in SSCSs might
reflect oxidative DNA damage at guanine nucleotides, before sequencing library
preparation M13mp2 DNA was incubated with the free radical generator hydrogen
peroxide in the presence of iron, a protocol that induces DNA damage [55]. This
treatment resulted in a substantial further increase in G—T mutations by SSCS analysis
(Figure 8A), consistent with PCR errors at sites of DNA damage as the likely mechanism
of this biased mutation spectrum. In contrast, induction of oxidative damage did not alter
the mutation spectrum seen with DCS analysis (Figure 8B), indicating that duplex
consensus sequences are not similarly susceptible to DNA damage artifacts.

[00135] Furthermore, relative to the literature reference values, DCS analysis
results in a lower frequency of G—T/C—A and C—T/G—A mutations (Figure 7A), which
are the same mutations elevated in SSCS analysis as a probable result of DNA damage.
Notably, the M13mp2 LacZ assay, from which reference values have been derived, is
dependent upon bacterial replication of a single molecule of M13mp2 DNA. Thus, the
presence of oxidative damage within this substrate could cause an analogous first-round
replication error by Escherichia coli, converting a single-stranded damage event into a
fixed, double-stranded mutation during replication. The slight reduction in the frequency
of these two types of mutations measured by DCS analysis may, therefore, reflect the
absence of damage-induced errors that are scored by the in vivo LacZ assay.

Consensus Sequencing accurately recovers spiked-in control mutations.

[00136] A series of M13mp2 variants were constructed which contain known single
base substitutions. These variants were then mixed together at known ratios, and the
mixture was prepared for sequencing with DCS adaptors with double-stranded

complementary SMIs and was sequenced on an lllumina HiSeq 2000. The data was then
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analyzed by consensus sequencing (Figure 9). With conventional analysis of the data
(i.e. without consideration of the SMI tags), variants present at a level of <1/100 could not
be accurately identified. This limitation occurs because at any given position, artifactual
mutations are seen at a level of nearly 1/100.

[00137] In contrast, when the data is analyzed by Single Strand Consensus
Sequencing (SSCS) with -20,000 fold depth, accurate recovery of mutant sequence is
seen down to one mutant molecule per 10,000 wild type molecules. Duplex Consensus
Sequencing (DCS), which was not performed on this sample, would allow for detection of

even rarer mutations.
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CLAIMS
What is claimed is

1. A single molecule identifier adaptor molecule for use in sequencing a
double-stranded target nucleic acid molecule comprising

a single molecule identifier (SMI) sequence, the SMI sequence comprising at

least one degenerate or semi-degenerate nucleic acid sequence; and

an SMI ligation adaptor that allows the SMI adaptor molecule to be ligated to the
double-stranded target nucleic acid sequence.

2. The single molecule identifier adaptor molecule of claim 1, wherein the
SMI sequence is single-stranded.

3. The single molecule identifier adaptor molecule of claim 1, wherein the
SMI sequence is double-stranded.

4. The single molecule identifier adaptor molecule of claim 1, wherein the
double-stranded target nucleic acid molecule is a double-stranded DNA or RNA

molecule.

5. The single molecule identifier adaptor molecule of claim 1, further
comprising at least two PCR primer binding sites, or at least two sequencing primer
binding sites, or both.

6. The single molecule identifier adaptor molecule of claim 1, further
comprising a double-stranded fixed reference sequence.

7. The single molecule identifier adaptor molecule of claim 2, wherein the
degenerate or semi-degenerate nucleic acid sequence comprises a first nucleotide n-

mer sequence that is between approximately 3 and 20 nucleotides in length.

8. The single molecule identifier adaptor molecule of claim 7, wherein the

first nucleotide n-mer sequence is a degenerate sequence.

9. The single molecule identifier adaptor molecule of claim 3, wherein the
degenerate or semi-degenerate nucleic acid sequence comprises a first nucleotide n-

mer sequence, a second n-mer sequence that is complementary to the first nucleotide
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n-mer sequence.

10.  The single molecule identifier adaptor molecule of claim 9, wherein the
first n-mer sequence comprises a nucleotide sequence that is between approximately 3

and 20 nucleotides in length.

11.  The single molecule identifier adaptor molecule of claim 9, wherein the

first nucleotide n-mer sequence is a degenerate sequence.

12.  The single molecule identifier adaptor molecule of claim 1, wherein the
degenerate or semi-degenerate DNA sequence comprises a randomly fragmented
double stranded nucleic acid derived from an alternative source.

13.  The single molecule identifier adaptor molecule of claim 1, wherein the
SMI ligation adaptor is selected from a T-overhang, an A-overhang, a CG overhang, a
blunt end, or any other ligatable nucleic acid sequence.

14.  The single molecule identifier adaptor molecule of claim 1, wherein the
SMI adaptor molecule is Y-shaped, U-shaped, or a combination thereof.

15. A method of obtaining the sequence of a double-stranded target nucleic
acid comprising

ligating a double-stranded target nucleic acid molecule to at least one SMi
adaptor molecule to form a double-stranded SMI-target nucleic acid complex;

amplifying the double-stranded SMI-target nucleic acid complex, resulting in a
set of amplified SMI-target nucleic acid products; and

sequencing the amplified SMi-target nucleic acid products.

16.  The single molecule identifier adaptor molecule of claim 15, wherein the
double-stranded target nucleic acid molecule is a double-stranded DNA or RNA

molecule.

17.  The method of claim 15, further comprising generating an error-corrected
double-stranded consensus sequence by (i) grouping the sequenced SMI-target nucleic
acid products into families of paired target nucleic acid strands based on a common set
of SMI sequences; and (ii) removing paired target nucleic acid strands having one or
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more nucleotide positions where the paired target nucleic acid strands disagree, or
alternatively removing nucleotide positions from nucleic acid strands where the paired

strands disagree at that specific position.

18.  The method of claim 15, wherein the double-stranded target nucleic acid

molecule is a sheared double-stranded DNA or RNA fragment.

19.  The method of claim 18, wherein the sheared double-stranded nucleic
acid fragment further comprises a double-stranded target nucleic acid sequence ligation

adaptor.

20. The method of claim 19, wherein the double-stranded target nucleic acid
sequence ligation adaptor is selected from a T-overhang, an A-overhang, a CG

overhang, a blunt end, or any ligatable nucleic acid sequence.
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ABSTRACT

Next Generation DNA sequencing promises to revolutionize clinical medicine and
basic research. However, while this technology has the capacity to generate hundreds
of billions of nucleotides of DNA sequence in a single experiment, the error rate of
approximately 1% results in hundreds of millions of sequencing mistakes. These
scattered errors can be tolerated in some applications but become extremely
problematic when “deep sequencing” genetically heterogeneous mixtures, such as
tumors or mixed microbial populations. To overcome limitations in sequencing accuracy,
a method Duplex Consensus Sequencing (DCS) is provided. This approach greatly
reduces errors by independently tagging and sequencing each of the two strands of a
DNA duplex. As the two strands are complementary, true mutations are found at the
same position in both strands. In contrast, PCR or sequencing errors will result in errors
in only one strand. This method uniquely capitalizes on the redundant information
stored in double-stranded DNA, thus overcoming technical limitations of prior methods

utilizing data from only one of the two strands.
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Figure 6

Mutation frequency
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Consensus Sequencing removes artifactual sequencing errors
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Figure 8
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Mutant sequence recovery
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Consensus Sequencing results in accurate
recovery of spiked-in control mutations
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Figure 10

Python code for pairing DCS reads among partner strands

import sys
import pysam
from optparse import OptionParser

#This program takes as input a BAM file with DCS SMI's in the header, and searches
for the partner SMI. Reads with paired SMIs are kept. Non-agreeing positions
within a read are replaced with N's.

parser=0ptionParser()

parser.add_option("--infile", action="store", type='string', dest="infile",
help="input BAM file", default='sys.stdin')

parser.add_option("--outfile", action="store", type='string', dest="outfile",
help="output BAM file", default='/dev/stdout")

parser.add_option("--readnumloc”, action="store", type='int', dest="readnumloc",
help="header field containing read number", default='3")
parser.add_option("--tagloc", action="store", type='int', dest="tagloc",
help="header field containing SMI", default='2")

0, args = parser.parse_args()

inBam = pysam.Samfile( o.infile, "rb" )
readDict = {}

dictctr = 0

seqctr = ©
tagmatchctr = 0
partialmatchctr = ©
seqreplacectr = 0
Nctr = ©

#first, build a dictionary with read 1 SMI's as key, and the corresponding
sequence as an entry.
for line in inBam :

lineSplit = line.gname

read = lineSplit.split(":")[o.readnumloc]
tag = lineSplit.split(":")[o.tagloc]

if read == '1' and tag not in readDict :

readDict[tag] = [line.seq, '']
dictctr += 1

if dictctr % 1000000 ==
print >> sys.stderr, “"sequences added to dictionary:", dictctr

dictctr += 1

inBam.close()
inBam = pysam.Samfile( o.infile, "rb" )

#next, evaluate every read 2 SMI for a match in the dictionary
for line in inBam :
seqctr += 1

lineSplit = line.gname
read = lineSplit.split(":")[o.readnumloc]
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Figure 10 (cont.)

tag = lineSplit.split(":")[o.tagloc]
switchtag = tag[10:20] + tag[:10]

if read == '2' and switchtag in readDict :
tagmatchctr += 1

if len(line.seq) == len(readDict[switchtag][@]) :
newSeq = '’
for i in xrange (len(line.seq) ) :

if line.seq[i] == readDict[switchtag][@][i] :
newSeq = newSeq + line.seq[1i]

else :
newSeq = newSeq + 'N'

if line.seq != readDict[switchtag][©] and newSeq.count('N') < 20 :
partialmatchctr += 1
Nctr += newSeq.count('N")

if newSeq.count('N') < (readDict[switchtag][1]).count('N"') or (
readDict[switchtag][1] == "' and newSeq.count('N') < 20 ) :
readDict[switchtag][1] = newSeq
seqreplacectr += 1

if seqctr % 1000000 == 0 :
print >> sys.stderr, "tags processed for matches:", seqctr
print >> sys.stderr, “"tag matches:", tagmatchctr
print >> sys.stderr, "total sequence matches:", seqreplacectr
print >> sys.stderr, "reads containing disagreeing bases (replaced with
N's):", partialmatchctr
print >> sys.stderr, "number of N's added:", Nctr

inBam.close()

# Done generating tag dictionary. Reinterate over bamfile and write entries that
have a sequence match.

inBam = pysam.Samfile( o.infile, "rb" )
outBam = pysam.Samfile ( o.outfile, "wb", template=inBam)

printlinectr

=0
printlinematch =

0

for line in inBam :
printlinectr += 1
lineSplit = line.gname

tag = lineSplit.split(":")[o.tagloc]
read = lineSplit.split(":")[o.readnumloc]

if tag in readDict and read == '1' and len (readDict[tag][1]) > © :

line.seq = readDict[tag][1]
readDict[tag][1] = "'
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printlinematch += 1

outBam.write(line)

if printlinectr % 1000000 ==
print >> sys.stderr, "Lines evaluated for printing:", printlinectr
print >> sys.stderr, "Matching sequences printed:", printlinematch

print >>
print >>
print >>
print >>

sys.
sys.
sys.
sys.

stderr,
stderr,
stderr,
stderr,

"Total
"Total
"Total
"Total

N's):", partialmatchctr
print >> sys.stderr, “"total

inBam.close()

outBam.close()

tags processed for matches:", seqctr

tag matches:", tagmatchctr

sequence matches:", seqreplacectr

reads containing disagreeing bases (replaced with

number of N's added:", Nctr
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Application No./Patent No.: 17392185 Filed/Issue Date: 2021-08-02
Titleg: METHODS OF LOWERING THE ERROR RATE OF MASSIVELY PARALLEL DNA SEQUENGING USING DUPLEX CONSENSUS SEQUENCING

UNIVERSITY OF WASHINGTON THROUGH ITS CENTER FOR COMMERGIALIZATION ) niversity
;

(Name of Assignee) (Type of Assignee, e.g., corporation, partnership, university, government agency, etc.)
states that, for the patent application/patent identified above, it is (choose one of options 1, 2, 3 or 4 below):
1. The assignee of the entire right, title, and interest.

2. |:| An assignee of less than the entire right, title, and interest (check applicable box):

|_| The extent (by percentage) of its ownership interest is %. Additional Statement(s) by the owners
holding the balance of the interest must be submitted to account for 100% of the ownership interest.

|:] There are unspecified percentages of ownership. The other parties, including inventors, who together own the entire
right, title and interest are:

Additional Statement(s) by the owner(s) holding the balance of the interest must be submitted to account for the entire
right, title, and interest.

3. |:| The assignee of an undivided interest in the entirety (a complete assignment from one of the joint inventors was made).
The other parties, including inventors, who together own the entire right, title, and interest are:

Additional Statement(s) by the owner(s) holding the balance of the interest must be submitted to account for the entire
right, title, and interest.

4. |:| The recipient, via a court proceeding or the like (e.g., bankruptcy, probate), of an undivided interest in the entirety (a
complete transfer of ownership interest was made). The certified document(s) showing the transfer is attached.

The interest identified in option 1, 2 or 3 above (not option 4) is evidenced by either (choose one of options A or B below):

A. An assignment from the inventor(s) of the patent application/patent identified above. The assignment was recorded in
the United States Patent and Trademark Office at Reel 048706 , Frame 0919 , or for which a copy
thereof is attached.

B. D A chain of title from the inventor(s), of the patent application/patent identified above, to the current assignee as follows:

1. From: To:

The document was recorded in the United States Patent and Trademark Office at
Reel , Frame , or for which a copy thereof is attached.
2. From: To:

The document was recorded in the United States Patent and Trademark Office at

Reel , Frame , or for which a copy thereof is attached.

[Page 1 of 2]
This collection of information is required by 37 CFR 3.73(b). The information is required to obtain or retain a benefit by the public which is to file (and by the USPTO to
process) an application. Confidentiality is governed by 35 U.S.C. 122 and 37 CFR 1.11 and 1.14. This collection is estimated to take 12 minutes to complete, including
gathering, preparing, and submitting the completed application form to the USPTO. Time will vary depending upon the individual case. Any comments on the amount
of time you require to complete this form and/or suggestions for reducing this burden, should be sent to the Chief Information Officer, U.S. Patent and Trademark
Office, U.S. Department of Commerce, P.O. Box 1450, Alexandria, VA 22313-1450. DO NOT SEND FEES OR COMPLETED FORMS TO THIS ADDRESS. SEND
TO: Commissioner for Patents, P.O. Box 1450, Alexandria, VA 22313-1450.

If you need assistance in completing the form, call 1-800-PTO-9199 and select option 2.
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STATEMENT UNDER 37 CFR 3.73(c)

3. From: To:
The document was recorded in the United States Patent and Trademark Office at
Reel _ ~~~ ,Frame__ , orforwhich a copy thereof is attached.
4. From: To:
The document was recorded in the United States Patent and Trademark Office at
Reel _ ~~~ ,Frame__ , orforwhich a copy thereof is attached.
5. From: To:
The document was recorded in the United States Patent and Trademark Office at
Reel , Frame , or for which a copy thereof is attached.
6. From: To:

The document was recorded in the United States Patent and Trademark Office at

Reel , Frame , or for which a copy thereof is attached.

|:| Additional documents in the chain of title are listed on a supplemental sheet(s).

As required by 37 CFR 3.73(c)(1)(i), the documentary evidence of the chain of title from the original owner to the
assignee was, or concurrently is being, submitted for recordation pursuant to 37 CFR 3.11.

[NOTE: A separate copy (i.e., a true copy of the original assignment document(s)) must be submitted to Assignment
Division in accordance with 37 CFR Part 3, to record the assignment in the records of the USPTO. See MPEP 302.08]

The undersigned (whose title is supplied below) is authorized to act on behalf of the assignee.

/Lara J. Dueppen/ 2021-08-02

Signature Date

Lara J. Dueppen 65002

Printed or Typed Name Title or Registration Number

[Page 2 of 2]
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Privacy Act Statement

The Privacy Act of 1974 (P.L. 93-579) requires that you be given certain information in connection with your
submission of the attached form related to a patent application or patent. Accordingly, pursuant to the
requirements of the Act, please be advised that: (1) the general authority for the collection of this information is 35
U.S.C. 2(b)(2); (2) furnishing of the information solicited is voluntary; and (3) the principal purpose for which the
information is used by the U.S. Patent and Trademark Office is to process and/or examine your submission related
to a patent application or patent. If you do not furnish the requested information, the U.S. Patent and Trademark
Office may not be able to process and/or examine your submission, which may result in termination of proceedings
or abandonment of the application or expiration of the patent.

The information provided by you in this form will be subject to the following routine uses:

1.

The information on this form will be treated confidentially to the extent allowed under the Freedom of
Information Act (5 U.S.C. 552) and the Privacy Act (5 U.S.C 552a). Records from this system of records
may be disclosed to the Department of Justice to determine whether disclosure of these records is
required by the Freedom of Information Act.

A record from this system of records may be disclosed, as a routine use, in the course of presenting
evidence to a court, magistrate, or administrative tribunal, including disclosures to opposing counsel in the
course of settlement negotiations.

A record in this system of records may be disclosed, as a routine use, to a Member of Congress
submitting a request involving an individual, to whom the record pertains, when the individual has
requested assistance from the Member with respect to the subject matter of the record.

A record in this system of records may be disclosed, as a routine use, to a contractor of the Agency
having need for the information in order to perform a contract. Recipients of information shall be required
to comply with the requirements of the Privacy Act of 1974, as amended, pursuant to 5 U.S.C. 552a(m).
A record related to an International Application filed under the Patent Cooperation Treaty in this system of
records may be disclosed, as a routine use, to the International Bureau of the World Intellectual Property
Organization, pursuant to the Patent Cooperation Treaty.

A record in this system of records may be disclosed, as a routine use, to another federal agency for
purposes of National Security review (35 U.S.C. 181) and for review pursuant to the Atomic Energy Act
(42 U.S.C. 218(c)).

A record from this system of records may be disclosed, as a routine use, to the Administrator, General
Services, or his/her designee, during an inspection of records conducted by GSA as part of that agency’s
responsibility to recommend improvements in records management practices and programs, under
authority of 44 U.S.C. 2904 and 2906. Such disclosure shall be made in accordance with the GSA
regulations governing inspection of records for this purpose, and any other relevant (i.e., GSA or
Commerce) directive. Such disclosure shall not be used to make determinations about individuals.

A record from this system of records may be disclosed, as a routine use, to the public after either
publication of the application pursuant to 35 U.S.C. 122(b) or issuance of a patent pursuant to 35 U.S.C.
151. Further, a record may be disclosed, subject to the limitations of 37 CFR 1.14, as a routine use, to the
public if the record was filed in an application which became abandoned or in which the proceedings were
terminated and which application is referenced by either a published application, an application open to
public inspection or an issued patent.

A record from this system of records may be disclosed, as a routine use, to a Federal, State, or local law
enforcement agency, if the USPTO becomes aware of a violation or potential violation of law or regulation.
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UNITED STATES PATENT AND TRADEMARK OFFICE

UNTTED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark Office

Address: COMMISSIONER FOR PATENTS
PO. Box 1450

Alexandria, Virginia 22313-1450
WWW.uspto.gov

APPLICATION FILING or GRP ART
NUMBER 371(c) DATE UNIT FIL FEE RECD ATTY.DOCKET.NO TOT CLAIMS|IND CLAIMS
17/392,185 08/02/2021 1820 072227-8043.US24 20 1
CONFIRMATION NO. 1013
94991 FILING RECEIPT

PO Box 1047 o o vesinden N

Seattle, WA 98111-1247
Date Mailed: 08/24/2021

Receipt is acknowledged of this non-provisional utility patent application. The application will be taken up for
examination in due course. Applicant will be notified as to the results of the examination. Any correspondence
concerning the application must include the following identification information: the U.S. APPLICATION NUMBER,
FILING DATE, NAME OF FIRST INVENTOR, and TITLE OF INVENTION. Fees transmitted by check or draft are
subject to collection.

Please verify the accuracy of the data presented on this receipt. If an error is noted on this Filing Receipt, please
submit a written request for a corrected Filing Receipt, including a properly marked-up ADS showing the changes
with strike-through for deletions and underlining for additions. If you received a "Notice to File Missing Parts" or
other Notice requiring a response for this application, please submit any request for correction to this Filing Receipt
with your reply to the Notice. When the USPTO processes the reply to the Notice, the USPTO will generate another
Filing Receipt incorporating the requested corrections provided that the request is grantable.

Inventor(s)
Jesse SALK, Seattle, WA;
Lawrence A. LOEB, Bellevue, WA,;
Michael SCHMITT, Bellevue, WA;
Applicant(s)
UNIVERSITY OF WASHINGTON THROUGH ITS CENTER FOR COMMERCIALIZATION,
Seattle, WA;

Power of Attorney: The patent practitioners associated with Customer Number 94991

Domestic Priority data as claimed by applicant
This application is a CON of 16/118,290 08/30/2018 PAT 11098359
which is a CON of 15/660,785 07/26/2017 PAT 10287631
which is a CON of 14/386,800 09/20/2014 PAT 9752188
which is a 371 of PCT/US2013/032665 03/15/2013
which claims benefit of 61/613,413 03/20/2012
and claims benefit of 61/625,623 04/17/2012
and claims benefit of 61/625,319 04/17/2012

Foreign Applications for which priority is claimed (You may be eligible to benefit from the Patent Prosecution
Highway program at the USPTO. Please see http://www.uspto.gov for more information.) - None.

Foreign application information must be provided in an Application Data Sheet in order to constitute a claim to
foreign priority. See 37 CFR 1.55 and 1.76.
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Permission to Access Application via Priority Document Exchange: Yes
Permission to Access Search Results: Yes

Applicant may provide or rescind an authorization for access using Form PTO/SB/39 or Form PTO/SB/69 as
appropriate.

If Required, Foreign Filing License Granted: 08/23/2021

The country code and number of your priority application, to be used for filing abroad under the Paris Convention,
is US 17/392,185

Projected Publication Date: 12/02/2021
Non-Publication Request: No

Early Publication Request: No
Title

METHODS OF LOWERING THE ERROR RATE OF MASSIVELY PARALLEL DNA SEQUENCING
USING DUPLEX CONSENSUS SEQUENCING

Preliminary Class

Statement under 37 CFR 1.55 or 1.78 for AlA (First Inventor to File) Transition Applications: No
PROTECTING YOUR INVENTION OUTSIDE THE UNITED STATES

Since the rights granted by a U.S. patent extend only throughout the territory of the United States and have no
effect in a foreign country, an inventor who wishes patent protection in another country must apply for a patent
in a specific country or in regional patent offices. Applicants may wish to consider the filing of an international
application under the Patent Cooperation Treaty (PCT). An international (PCT) application generally has the same
effect as a regular national patent application in each PCT-member country. The PCT process simplifies the filing
of patent applications on the same invention in member countries, but does not result in a grant of "an international
patent” and does not eliminate the need of applicants to file additional documents and fees in countries where patent
protection is desired.

Almost every country has its own patent law, and a person desiring a patent in a particular country must make an
application for patent in that country in accordance with its particular laws. Since the laws of many countries differ
in various respects from the patent law of the United States, applicants are advised to seek guidance from specific
foreign countries to ensure that patent rights are not lost prematurely.

Applicants also are advised that in the case of inventions made in the United States, the Director of the USPTO must
issue a license before applicants can apply for a patent in a foreign country. The filing of a U.S. patent application
serves as a request for a foreign filing license. The application's filing receipt contains further information and
guidance as to the status of applicant's license for foreign filing.

Applicants may wish to consult the USPTO booklet, "General Information Concerning Patents” (specifically, the
section entitled "Treaties and Foreign Patents") for more information on timeframes and deadlines for filing foreign
patent applications. The guide is available either by contacting the USPTO Contact Center at 800-786-9199, or it
can be viewed on the USPTO website at http://www.uspto.gov/web/offices/pac/doc/general/index.html.

page 2 of 4

0105



For information on preventing theft of your intellectual property (patents, trademarks and copyrights), you may wish
to consult the U.S. Government website, http://www.stopfakes.gov. Part of a Department of Commerce initiative,
this website includes self-help "toolkits" giving innovators guidance on how to protect intellectual property in specific
countries such as China, Korea and Mexico. For questions regarding patent enforcement issues, applicants may
call the U.S. Government hotline at 1-866-999-HALT (1-866-999-4258).

LICENSE FOR FOREIGN FILING UNDER
Title 35, United States Code, Section 184

Title 37, Code of Federal Regulations, 5.11 & 5.15
GRANTED

The applicant has been granted a license under 35 U.S.C. 184, if the phrase "IF REQUIRED, FOREIGN FILING
LICENSE GRANTED" followed by a date appears on this form. Such licenses are issued in all applications where
the conditions for issuance of a license have been met, regardless of whether or not a license may be required as
set forth in 37 CFR 5.15. The scope and limitations of this license are set forth in 37 CFR 5.15(a) unless an earlier
license has been issued under 37 CFR 5.15(b). The license is subject to revocation upon written notification. The
date indicated is the effective date of the license, unless an earlier license of similar scope has been granted under
37 CFR 5.13 or 5.14.

This license is to be retained by the licensee and may be used at any time on or after the effective date thereof unless
it is revoked. This license is automatically transferred to any related applications(s) filed under 37 CFR 1.53(d). This
license is not retroactive.

The grant of a license does not in any way lessen the responsibility of a licensee for the security of the subject matter
as imposed by any Government contract or the provisions of existing laws relating to espionage and the national
security or the export of technical data. Licensees should apprise themselves of current regulations especially with
respect to certain countries, of other agencies, particularly the Office of Defense Trade Controls, Department of
State (with respect to Arms, Munitions and Implements of War (22 CFR 121-128)); the Bureau of Industry and
Security, Department of Commerce (15 CFR parts 730-774); the Office of Foreign AssetsControl, Department of
Treasury (31 CFR Parts 500+) and the Department of Energy.

NOT GRANTED

No license under 35 U.S.C. 184 has been granted at this time, if the phrase "IF REQUIRED, FOREIGN FILING
LICENSE GRANTED" DOES NOT appear on this form. Applicant may still petition for a license under 37 CFR 5.12,
if a license is desired before the expiration of 6 months from the filing date of the application. If 6 months has lapsed
from the filing date of this application and the licensee has not received any indication of a secrecy order under 35
U.S.C. 181, the licensee may foreign file the application pursuant to 37 CFR 5.15(b).

SelectUSA

The United States represents the largest, most dynamic marketplace in the world and is an unparalleled location for
business investment, innovation, and commercialization of new technologies. The U.S. offers tremendous resources
and advantages for those who invest and manufacture goods here. Through SelectUSA, our nation works to
promote and facilitate business investment. SelectUSA provides information assistance to the international investor
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community; serves as an ombudsman for existing and potential investors; advocates on behalf of U.S. cities, states,
and regions competing for global investment; and counsels U.S. economic development organizations on investment
attraction best practices. To learn more about why the United States is the best country in the world to develop

technology, manufacture products, deliver services, and grow your business, visit http://www.SelectUSA.gov or call
+1-202-482-6800.
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PATENT APPLICATION FEE DETERMINATION RECORD

Application or Docket Number

Substitute for Form PTO-875 17/392,185
APPLICATION AS FILED - PART | OTHER THAN
(Column 1) (Column 2) SMALL ENTITY OR SMALL ENTITY
FOR NUMBER FILED NUMBER EXTRA RATE($) FEE($) RATE($) FEE($)
BASIC FEE
(37 OFR 1.16(a), (5), or (6)) N/A N/A N/A N/A 320
SEARCH FEE
(37 GFR 1.18(K), @), or (m)} N/A N/A N/A N/A 700
EXAMINATION FEE
(37 GFR 1.16(0), (p), or (@) N/A N/A N/A N/A 800
TOTAL CLAIMS ) *
(37 CFR 1.16(i)) 20 minus 20= OR |« 100 - 0.00
INDEPENDENT CLAIMS . *
(37 CFR 1.16(h)) 1 minus 3 = x 480 = 0.00
If the specification and drawings exceed 100
APPLICATION SIZE | sheets of paper, the application size fee due is
FEE $310 ($155 for small entity) for each additional 0.00
(37 CFR 1.16(s)) 50 sheets or fraction thereof. See 35 U.S.C.
41(a)(1)(G) and 37 CFR 1.16(s).
MULTIPLE DEPENDENT CLAIM PRESENT (37 CFR 1.16(j)) 0.00
* |f the difference in column 1 is less than zero, enter "0" in column 2. TOTAL TOTAL 1820
APPLICATION AS AMENDED - PART Il
OTHER THAN
(Column 1) (Column 2) (Column 3) SMALL ENTITY OR SMALL ENTITY
CLAIMS HIGHEST
REMAINING NUMBER PRESENT ADDITIONAL ADDITIONAL
< AFTER PREVIOUSLY EXTRA RATE(S) FEE($) RATE(S) FEE($)
E AMENDMENT PAID FOR
i Total . i = =
s (37 CF% ?.16(i)) Minus = OR |« =
a Independent * Minus | *** =
E (37 CFR 1.16(h)) = OR |« =
<§( Application Size Fee (37 CFR 1.16(s))
FIRST PRESENTATION OF MULTIPLE DEPENDENT CLAIM (37 CFR 1.16(j)) OR
TOTAL OR TOTAL
ADD'L FEE ADD'L FEE
{Column 1) {Column 2) {Column 3)
CLAIMS HIGHEST
REMAINING NUMBER PRESENT ADDITIONAL ADDITIONAL
m AFTER PREVIOUSLY EXTRA RATE(S) FEE($) RATE(S) FEE($)
E AMENDMENT PAID FOR
1N} Total * Minus * = =
= (37 CF% ?.16(i)) OR |x =
% Independent * Minus | *** = = OR |x =
L (37 CFR 1.16(h))
<§( Application Size Fee (37 CFR 1.16(s))
OR
FIRST PRESENTATION OF MULTIPLE DEPENDENT CLAIM (37 CFR 1.16(j))
TOTAL OR TOTAL
ADD'L FEE ADD'L FEE

* If the entry in column 1 is less than the entry in column 2, write "0" in column 3.
** |f the "Highest Number Previously Paid For" IN THIS SPACE is less than 20, enter "20".
*** |f the "Highest Number Previously Paid For" IN THIS SPACE is less than 3, enter "3".
The "Highest Number Previously Paid For" (Total or Independent) is the highest found in the appropriate box in column 1.
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UNITED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark Office
Address: COMMISSIONER FOR PATENTS

P.O. Box 1450

Alexandria, Virginia 22313-1450

WWW.uspto.gov

| APPLICATION NO. | FILING DATE FIRST NAMED INVENTOR | ATTORNEY DOCKETNO. |  CONFIRMATION NO.
17/392,185 08/02/2021 Jesse SALK 072227-8043.US24 1013
94991 o790 11082021 | EXAMINER
Perkins Coie LLP - University of Washington
PO Box 1247 CENTRAL, DOCKET

Seattle, WA 98111-1247

| ART UNIT | PAPER NUMBER
OPAP
| NOTIFICATION DATE | DELIVERY MODE
11/08/2021 ELECTRONIC

Please find below and/or attached an Office communication concerning this application or proceeding.

The time period for reply, if any, is set in the attached communication.

Notice of the Office communication was sent electronically on above-indicated "Notification Date" to the

following e-mail address(es):

patentprocurement @perkinscoie.com

PTOL-90A (Rev. 04/07)
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Decision Granting Request for
Prioritized Examination (Track /)

Application No.

Applicant(s)

17/392,185 SALK et al.
Examiner Art Unit AlA (FITF) Status
Dale A Hall OPET No

filing a notice of appeal;

I o mmo O

mailing of a notice of allowance;

mailing of a final Office action;

abandonment of the application.

1. THE REQUEST FILED 02 August 2021 IS GRANTED .

filing a request for suspension of action;

The above-identified application has met the requirements for prioritized examination
A for an original nonprovisional application (Track ).
B. 0J for an application undergoing continued examination (RCE).

2. The above-identified application will undergo prioritized examination. The application will be
accorded special status throughout its entire course of prosecution until one of the following occurs:
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his/her absence, calls may be directed to Petition Help Desk at (571) 272-3282.

/Michelle R. Eason/
Lead Paralegal Specialist

U.S. Patent and Trademark Office
PTO-2298 (Rev. 02-2012)
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17/392,185 SALK etal.
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Any reply received by the Office later than three months after the mailing date of this communication, even if timely filed, may reduce any earned patent term
adjustment. See 37 CFR 1.704(b).

Status
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O A declaration(s)/affidavit(s) under 37 CFR 1.130(b) was/were filedon
2a)(] This action is FINAL. 2b) ™ This action is non-final.
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closed in accordance with the practice under £x parre Quayte, 1935 C.D. 11, 453 O.G. 213.

Disposition of Claims*
5) Claim(s) 1-20 is/are pending in the application.

5a) Of the above claim(s) _____is/are withdrawn from consideration.
6) (J Claim(s) ____is/are allowed.
7) [0 Claim(s) ____is/are rejected.
8) [J Claim(s) is/are objected to.
9) Claim(s) 1-20 are subiject to restriction and/or election requirement

* If any claims have been determined allowable, you may be eligible to benefit from the Patent Prosecution Highway program at a
participating intellectual property office for the corresponding application. For more information, please see
http://www.uspto.gov/patents/init_events/pph/index.jsp or send an inquiry to PPHfeedback@uspto.gov.
Application Papers
10)(] The specification is objected to by the Examiner.
11)(J The drawing(s) filed on is/are: a)(] accepted or b)[] objected to by the Examiner.
Applicant may not request that any objection to the drawing(s) be held in abeyance. See 37 CFR 1.85(a).
Replacement drawing sheet(s) including the correction is required if the drawing(s) is objected to. See 37 CFR 1.121(d).
Priority under 35 U.S.C. § 119

12)[J Acknowledgment is made of a claim for foreign priority under 35 U.S.C. § 119(a)-(d) or (f).
Certified copies:

a)J All b)(J Some** ¢)(J None of the:
1.[J Certified copies of the priority documents have been received.
2.(J Certified copies of the priority documents have been received in Application No.

3.0 Copies of the certified copies of the priority documents have been received in this National Stage
application from the International Bureau (PCT Rule 17.2(a)).

** See the attached detailed Office action for a list of the certified copies not received.
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Application/Control Number: 17/392,185 Page 2
Art Unit: 1637

DETAILED ACTION
Notice of Pre-AlA or AIA Status
1. The present application is being examined under the pre-AlA first to invent

provisions.

Election/Restrictions
2. Restriction to one of the following inventions is required under 35 U.S.C. 121:
l. Claims 1-14, drawn to a single molecule identifier adaptor comprising a
single molecule identifier (SMI) sequence and an SMI ligation adaptor,

classified in CPC C07H 21/04.

Il. Claims 15-20, drawn to a method of obtaining the sequence of a double-
stranded target nucleic acid, classified in CPC C12Q 1/6869, CPC C12Q

1/6855 and CPC C12Q 2535/122.

3. The inventions are distinct, each from the other because of the following reasons:
4. Inventions in Groups | and Il are related as product and process of use. The
inventions can be shown to be distinct if either or both of the following can be shown: (1)
the process for using the product as claimed can be practiced with another materially
different product or (2) the product as claimed can be used in a materially different
process of using that product (MPEP § 806.05(h)). In the instant case Group I, drawn to
a single molecule identifier adaptor comprising a single molecule identifier (SMI)

sequence and an SMI ligation adaptor, can be used in the method of Group Il but can
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Application/Control Number: 17/392,185 Page 3
Art Unit: 1637

also be used in other processes that comprise the use of tags, barcodes or identifier
labels, including digital PCR, emulsion PCR and methods for counting molecules in a

sample, as well as for labeling biomolecular products with unique tags.

5. Restriction for examination purposes as indicated is proper because all these
inventions listed in this action are independent or distinct for the reasons given above
and there would be a serious search and examination burden if restriction were not
required because one or more of the following reasons apply:

(a) the inventions have acquired a separate status in the art in view of their
different classification;

(b) the inventions have acquired a separate status in the art due to their
recognized divergent subject matter;

(c) the inventions require a different field of search (for example, searching
different classes/subclasses or electronic resources, or employing different
search queries);

(d) the prior art applicable to one invention would not likely be applicable to
another invention;

(e) the inventions are likely to raise different non-prior art issues under 35 U.S.C.

101 and/or 35 U.S.C. 112, first paragraph.

6. The examiner has required restriction between product and process claims.

Where applicant elects claims directed to the product, and a product claim is

subsequently found allowable, withdrawn process claims that depend from or otherwise
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Application/Control Number: 17/392,185 Page 4
Art Unit: 1637

include all the limitations of the allowable product claim will be rejoined in accordance
with the provisions of MPEP § 821.04. Process claims that depend from or
otherwise include all the limitations of the patentable product will be entered as a
matter of right if the amendment is presented prior to final rejection or allowance,
whichever is earlier. Amendments submitted after final rejection are governed by 37
CFR 1.116; amendments submitted after allowance are governed by 37 CFR 1.312.

In the event of rejoinder, the requirement for restriction between the product
claims and the rejoined process claims will be withdrawn, and the rejoined process
claims will be fully examined for patentability in accordance with 37 CFR 1.104. Thus, to
be allowable, the rejoined claims must meet all criteria for patentability including the
requirements of 35 U.S.C. 101, 102, 103, and 112. Until an elected product claim is
found allowable, an otherwise proper restriction requirement between product claims
and process claims may be maintained. Withdrawn process claims that are not
commensurate in scope with an allowed product claim will not be rejoined. See
“Guidance on Treatment of Product and Process Claims in light of In re Ochiai, Inre
Brouwer and 35 U.S.C. § 103(b),” 1184 O.G. 86 (March 26, 1996). Additionally, in order
to retain the right to rejoinder in accordance with the above policy, Applicant is advised
that the process claims should be amended during prosecution either to maintain
dependency on the product claims or to otherwise include the limitations of the product
claims. Failure to do so may result in a loss of the right to rejoinder.

Further, note that the prohibition against double patenting rejections of 35 U.S.C.
121 does not apply where the restriction requirement is withdrawn by the examiner

before the patent issues. See MPEP § 804.01.
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Application/Control Number: 17/392,185 Page 5
Art Unit: 1637

7. Applicant is advised that the reply to this requirement to be complete must
include (i) an election of a invention to be examined even though the requirement
may be traversed (37 CFR 1.143) and (ii) identification of the claims encompassing
the elected invention.

The election of an invention may be made with or without traverse. To reserve a
right to petition, the election must be made with traverse. If the reply does not distinctly
and specifically point out supposed errors in the restriction requirement, the election
shall be treated as an election without traverse. Traversal must be presented at the time
of election in order to be considered timely. Failure to timely traverse the requirement
will result in the loss of right to petition under 37 CFR 1.144. If claims are added after
the election, applicant must indicate which of these claims are readable on the elected
invention.

If claims are added after the election, applicant must indicate which of these
claims are readable upon the elected invention.

Should applicant traverse on the ground that the inventions are not patentably
distinct, applicant should submit evidence or identify such evidence now of record
showing the inventions to be obvious variants or clearly admit on the record that this is
the case. In either instance, if the examiner finds one of the inventions unpatentable
over the prior art, the evidence or admission may be used in a rejection under 35 U.S.C.

103(a) of the other invention.
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Application/Control Number: 17/392,185 Page 6
Art Unit: 1637

8. Applicant is reminded that upon the cancellation of claims to a non-elected
invention, the inventorship must be amended in compliance with 37 CFR 1.48(b) if one
or more of the currently named inventors is no longer an inventor of at least one claim
remaining in the application. Any amendment of inventorship must be accompanied by

a request under 37 CFR 1.48(b) and by the fee required under 37 CFR 1.17(i).

Correspondence

9. Any inquiry concerning this communication or earlier communications from the
examiner should be directed to David C. Thomas whose telephone number is 571-272-
3320 and whose fax number is 571-273-3320. The examiner can normally be reached
on 5 days, 9-5:30.

If attempts to reach the examiner by telephone are unsuccessful, the examiner’'s
supervisor, Gary Benzion can be reached on 571-272-0782. The fax phone number for
the organization where this application or proceeding is assigned is 571-273-8300.

Information regarding the status of an application may be obtained from the
Patent Application Information Retrieval (PAIR) system. Status information for
published applications may be obtained from either Private PAIR or Public PAIR.
Status information for unpublished applications is available through Private PAIR only.
For more information about the PAIR system, see http://pair-direct.uspto.gov. Should
you have questions on access to the Private PAIR system, contact the Electronic
Business Center (EBC) at 866-217-9197 (toll-free).

/David C Thomas/
Primary Examiner, Art Unit 1637
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Courtesy Reminder for
Application Serial No: 17/392,185

Attorney Docket No: 072227-8043.US24
Customer Number: 94991
Date of Electronic Notification: 12/06/2021

This is a courtesy reminder that new correspondence is available for this
application. If you have not done so already, please review the
correspondence. The official date of notification of the outgoing
correspondence will be indicated on the form PTOL-90 accompanying the
correspondence.

An email notification regarding the correspondence was sent to the following
email address(es) associated with your customer number:
patentprocurement@perkinscoie.com

To view your correspondence online or update your email addresses, please
visit us anytime at https:/ppair-my.uspto.gov/pair/PrivatePair.

If you have any questions, please email the Electronic Business Center (EBC)
at EBC@uspto.gov or call 1-866-217-9197.
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Docket No.: 072227-8043.US24
(PATENT)

IN THE UNITED STATES PATENT AND TRADEMARK OFFICE

In re Application of:
Jesse Salk et al.

Application No.: 17/392,185 Confirmation No.: 1013
Filed: August 2, 2021 Art Unit: 1637
For: METHODS OF LOWERING THE ERROR Examiner: THomAs, DAvID C

RATE OF MASSIVELY PARALLEL DNA
SEQUENCING USING DUPLEX
CONSENSUS SEQUENCING

AMENDMENT AND RESPONSE TO RESTRICTION REQUIREMENT

Commissioner for Patents
P.O. Box 1450
Alexandria, VA 22313-1450
Dear Commissioner:
In response to the restriction requirement mailed December 6, 2021, please

enter the elections on page 8 of this paper, and amend the application as follows:

Amendments to the Claims are reflected in the listing of claims which begins on

page 2 of this paper.

Remarks/Arguments begin on page 8 of this paper.

155810613.1
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Application No.: 17/392,185 Docket No.: 072227-8043.US24
Amendment and Election

AMENDMENTS TO THE CLAIMS

The following complete listing of claims replaces all previous listings of claims in

the application.

1-20. (Canceled)

21. (New) A method for detecting genomic variants in nucleic acid material

from a subject, comprising:

(a) providing fragmented nucleic acid material obtained from a bodily sample of
the subject;

(b) attaching tags comprising barcodes selected from a plurality of distinct
barcode sequences to said nucleic acid fragments obtained from said bodily sample of
the subject, to generate tagged nucleic acid molecules, wherein each tagged nucleic
acid molecule is identifiable with respect to other tagged nucleic acid molecules from
the bodily sample;

(c) amplifying at least a portion of the tagged nucleic acid molecules to
produce tagged nucleic acid amplicons;

(d) sequencing a plurality of tagged nucleic acid amplicons to produce a
plurality of sequence reads from the tagged nucleic acid molecules, wherein each
sequence read comprises a barcode sequence and a sequence derived from a nucleic
acid fragment;

(e) aligning sequence reads from the tagged nucleic acid molecules to a
reference sequence;

(f) grouping sequence reads that align to the reference sequence at the same
coordinates and which have the same barcode sequence into families, whereby each
family comprises sequence reads of tagged nucleic acid molecules amplified from an

original tagged nucleic acid molecule; and

155810613.1
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Application No.: 17/392,185 Docket No.: 072227-8043.US24
Amendment and Election

(g) within one or more families:

distinguishing between sequence reads derived from a first strand of the
original tagged nucleic acid molecule and sequence reads derived
from a second strand of the same original tagged nucleic acid
molecule;

comparing a first strand sequence read with a second strand sequence
read to identify nucleic acid base pairs that are in agreement; and

comparing said nucleic acid base pairs to the reference sequence to

identify genomic variants.

22. (New) The method of claim 21, wherein within one or more families the
method further comprises:

collapsing a plurality of sequence reads derived from a first strand to provide a
the first strand sequence read; and

collapsing a plurality of sequence reads derived from second strand to provide

the second strand sequence read.

23. (New) The method of claim 21, wherein nucleic acid base pairs that are
not in agreement between the first and second strand sequence reads are considered

artifacts.

24. (New) The method of claim 21, wherein comparing a first strand
sequence read with a second strand sequence read comprises generating a consensus
sequence of the nucleic acid fragment from the bodily sample, and wherein each of the
consensus sequences corresponds to a unique nucleic acid fragment among the

nucleic acid fragments.

155810613.1
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Amendment and Election

25.  (New) The method of claim 24, wherein the reference sequence
comprises one or more loci, and wherein the method further comprises:
(h) identifying consensus sequences that map to a given locus of said one or
more loci; and
(i) calculating a number of consensus sequences that map to the given locus
that include a cancer-associated genomic variant thereby quantifying variant cancer

biomarkers in said nucleic acid fragments from said subject.

26. (New) The method of claim 25, further comprising calculating a ratio of (1)
a number of consensus sequences that map to the given locus that include the cancer-
associated genomic variant to (2) a total number of consensus sequences that map to
the given locus, thereby quantifying genomic variant cancer biomarkers in said plurality

of nucleic acid fragments from said subject.

27. (New) The method of claim 24, further comprising determining copy
number variation by mapping the consensus sequences to the reference sequence and

counting consensus sequences corresponding to the reference sequence.

28. (New) The method of claim 24, wherein an error rate of the consensus

sequence is lower than about 1x10® or is as low as about 1.2x10°.

29. (New) The method of claim 24, further comprising assessing a tumor cell
diversity within a tumor cell population and/or detecting a genetic variant conferring a
cancer drug resistance by mapping the consensus sequences to the reference
sequence and identifying particular genomic variant cancer biomarkers within the

identified consensus sequences.

155810613.1
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Amendment and Election

30. (New) The method of claim 21, wherein the plurality of nucleic acid
fragments includes a genetic variant having a variant frequency lower than about 1% or

lower than about 0.01%.

31.  (New) The method of claim 21, wherein the plurality of nucleic acid
fragments includes a genetic variant having a variant frequency as low as about 0.01%

or as low as about 0.03%.

32. (New) The method of claim 21, further comprising filtering out sequence

reads or individual nucleotide base calls that fail to meet a set quality threshold.

33.  (New) The method of claim 21, further comprising detecting a cancer in
the subject at an early stage by detecting a cancer-associated nucleic acid-based

serum biomarker in the subject.

34. (New) The method of claim 21, further comprising monitoring a cancer’s
response to a therapy by detecting a cancer-associated nucleic acid-based serum
biomarker in the subject.

35. (New) The method of claim 21, wherein the bodily sample comprises a
blood sample, and wherein the fragmented nucleic acid material is obtained from

plasma or serum.

36. (New) The method of claim 21, wherein the attaching comprises blunt-

end ligation or sticky end ligation.

155810613.1
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Application No.: 17/392,185 Docket No.: 072227-8043.US24
Amendment and Election

37. (New) The method of claim 21, wherein the nucleic acid material from the

subject comprises fragments of a desired size.

38. (New) The method of claim 21, wherein step (a) further comprises

shearing the nucleic acid material to generate the nucleic acid fragments.

39. (New) The method of claim 21, wherein step (a) further comprises

enzymatically cutting the nucleic acid material to generate the nucleic acid fragments.
40. (New) The method of claim 21, wherein the distinct barcode sequences
are contained within a library generated from oligonucleotides comprising defined

sequences.

41. (New) The method of claim 21, wherein the plurality of distinct barcode

sequences comprises random degenerate or semi-degenerate barcode sequences.

42.  (New) The method of claim 21, wherein the plurality of distinct barcode

sequences comprises nonrandom barcode sequences.

43. (New) The method of claim 21, wherein the nucleic acid fragments are

tagged with a double-stranded DNA barcode.

44,  (New) The method of claim 21, wherein the nucleic acid fragments are

tagged with a single-stranded nucleic acid barcode.

155810613.1
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45. (New) The method of claim 21, selectively enriching at least one of
tagged nucleic acid molecules and tagged nucleic acid amplicons for a subset of tagged

molecules that map to one or more genetic loci in the reference sequence.

46. (New) The method of claim 21, wherein the grouping is based on i) the
barcode sequence and ii) at least one of. sequence information at a beginning of the
sequence derived from the nucleic acid fragment and sequence information at an end of

the sequence derived from the nucleic acid fragment.

47. (New) The method of claim 21, wherein said tagged nucleic acid molecule
can be differentiated from other tagged nucleic acid molecules using a combination of at
least a first barcode sequence at a first end of said nucleic acid fragment and a second

barcode sequence at a second end of said nucleic acid fragment.

48. (New) The method of claim 21, wherein the reference sequence is from a

non-cancerous control sample.

49. (New) The method ofclaim 21, wherein the reference sequence

comprises a sequence from a human reference genome.

50. (New) The method of claim 21, further comprising detecting a cancer or a

cancer risk from one or more of the identified genomic variants.

155810613.1
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Application No.: 17/392,185 Docket No.: 072227-8043.US24
Amendment and Election

REMARKS

Claims 1-20 are cancelled in this amendment without any prejudice or disclaimer.
Applicant reserves the right to pursue the subject matter of any canceled claims in the
present application or in one or more continuing applications. In this response, claims
21-50 are newly added with support throughout the original specification and claims.
Because no new matter is introduced, entry and examination of the amended claims

presented herewith are respectfully requested.

Response to Restriction Requirement

The Examiner imposes a restriction among the following groups:

Group |, claims 1-14, drawn to a single molecule identifier adaptor comprising a

single molecule identifier (SMI) sequence and an SMI ligation adaptor; and

Group Il, claims 15-20, drawn to a method of obtaining the sequence of a double-

stranded target nucleic acid.

Applicant elects Group Il for examination on the merits, without traverse.

Group Il is encompassed by new claims 21-50.

Dated: February 7, 2022 Respectfully submitted,

By /Lara J. Dueppen/
Lara J. Dueppen
Registration No.: 65,002

Perkins Coie LLP

P.O. Box 1247

Seattle, WA 98111-1247
Phone: (310) 788-3349
Fax: (206) 359-7198

Attorneys for Applicant

155810613.1

0127



Page 1 of 2

PO Box 1450

UNITED STATES | Alexandia, VA 22313 - 1450
PATENT AND TRADEMARK OFFICE | wWeAvLSplo.gav
ELECTRONIC PAYMENT RECEIPT
APPLICATION # RECEIPT DATE / TIME ATTORNEY DOCKET #
17/382,185 Q/OT/2022 0B 3458 PM EY Q72227-8043.US24

Title of Invention

METHODS OF LOWERING THE ERROR RATE OF MASSIVELY PARALLEL DNA SEQUENC
USING DUPLEX CONSENGSUS SEQUENCING

NG

Application Information

APPLICATION TYPE  Liiility - Nonprovisional Application PATENT # -
- 35 USC 11(R)
CONFIRMATION # 1913 FILED BY Amy Candelorg
PATENT CENTER # ROR21375 AUTHORIZED BY {ara Dusppen
CUSTOMER # $4551 FILING DATE {8/02/2021
CORRESPONDENCE - FIRST NAMED .imssa SALK
ADDRESS INVENTOR
Payment Information
PAYMENT METHOD PAYMENT TRANSACTION ID PAYMENT AUTHORIZED BY
CARD /8735 E202337HINITAHO0 Amy Candstore
PRE-AUTHORIZED ACCOUNT PRE-AUTHORIZED CATEGORY
SO0888 37 OFR 117 (Patent application and resxamination processing fses); 37 OFR
1.21 {(Misceliansous fees and charges)
FEE CODE DESCRIPTION ITEM PRICE($) QUANTITY ITEM TOTAL($)
102 EACH CLAIM IN EXCESS OF 20 100.00 10 TO00.00
TOTAL $1,000.00
AMOUNT:

aled documenis, gh ractarizad
rar 10 g Post Oard, as

he noted dale by the USPTO of the inge
e {E serves

This Acknowledgemsnt Receipt svidances rageipt on B
by the gpnlicant, and including page counts, where appii
desgcribed in MPER 504

as evidenoe of receipt s

New Applications Under 35 LS.C, 111
s being Bled and
Filing hene o {87

"mg date {see 37 CFR 1.B3{bp{)
own on this Acknowledgement

0128

& application inciud
FRO1.54) will ba issu

& now applicalic
and MPER 508),




Page 2 of 2

Receipt will astablish the filing date of the application

National Stage of an international Application under 38 WWE.C, 371

if a timaly submission to enter the natdional stags of an international apphcation is compliant with the conditions of 35 U.8.C.
371 and other applicable mqu aments a Form PET/DOYEGANE indicating accaptancs of the application as a national slags

~

subrmiasion under 35 ULB.C 871 will be igsuad in addition 1o the Fiing Recelpl, in due course.

New Infernational Application Filed with the USPTO as a Recelving Office

Hanow i aier\wo*u &y w;: Heation is being fled and the inlermalional application includes the necessary componenis for an
international sae PCT Ardicle 11 an SR 1810), a Notification of the International Appheation Nam ber and of the
International FE \; Da {(Form POT/ROM0E) issuad in dus course, subject 1o prescrigtions conceming nalional securily,

and the date shown on this Az;kreawiwgenmni Receipt will establish the intamationat filing date of the application.

0129



Page 1 of 2

UNITED STATES Nexangrin VA aaaiet 1488

PATENT AND TRADEMARK OFFICE T WA usnto.gov

ELECTRONIC ACKNOWLEDGEMENT RECEIPT

APPLICATION # RECEIPT DATE / TIME ATTORNEY DOCKET #
17/392,185 02/07/2022 08:34:59 PM ET 072227-8043.US24

Title of Invention

METHODS OF LOWERING THE ERROR RATE OF MASSIVELY PARALLEL DNA SEQUENCING
USING DUPLEX CONSENSUS SEQUENCING

Application Information

APPLICATION TYPE  Utility - Nonprovisional Application PATENT #
under 35 USC 111(a)

CONFIRMATION # 1013 FILED BY Amy Candeloro
PATENT CENTER # 60521375 FILING DATE  08/02/2021
CUSTOMER # 94991 FIRST NAMED Jesse SALK
INVENTOR
CORRESPONDENCE - AUTHORIZED BY Lara Dueppen
ADDRESS
Documents TOTAL DOCUMENTS: 3
DOCUMENT PAGES DESCRIPTION SEEE (KB
S032-02-07 Ameandmaent and 8 - 112 KB

Restriction Response
72227-83043 US24 pdt

2022-02-07 Amendment {1-1} 1 Amendment/Req. 83 KB
and Hestriction Hesponseg Recongideration-aAfter Non-
(Q72227-8043.U524-A., . pdi Final Heject

2022-02-07 Amendment {2-7} o Claims 106 KB

and Restriction Hesponse

O72227-8043. U824~

CLM pdi

2022-02-07 Amendment {8-8) 1 Response to Election / 48 KB

0130



Page 2 of 2

and Resiriction Hesponse Restriction Filed

(72287-8043.1U824-

ELC. pdf
Digest
DOCUMENT MESSAGE DIGEST(SHASIE)

2022-02-07 Amendment and 924502588087 21 0ACR451 BAGFARDTS 1051 56FB27C00OFOR0OFF
Hestriction Response 072227~ 7ESBARBZO4TBIVFACAATESE4824R343E 4068 22BDOFOETREEC
8043, US24.pdi S511E8E1EDESB4AZOBA0AEAZZT 23244
2022-02-07 Amendment and SAB4TEESRBGD A%i%@ﬁ?"??ﬁ“’“%ﬂ%%ﬁ BOAI300114250FECSEC
Restriction Response 072227- DES1230D4268D1 B0 ES13835320CR4T7E4286CORBAZTED14FDR
8043.U824-A . .pai 361 EBE85&?{38@5::%%55,&4&38?&&{)&:&bb(}

2022-02-07 Ameandmaent and QUARSBDCCOD4NBAG 1 3B E48252 828 10A05383826B683502087

Restriction Response 073227 244A77AJCFDESDBBEBATACTOZFDEDDE4EABADLE28CRBARS

8043.US24-CLM. pdi 4708B31862000064F A42580887640RB88
2022-02-07 Amendment and OSACTIEEAATFASA4BAAAADSEABTSCERIB4BTVIFO20080EAS
Restriction Hesponge §72227- 7RO TFE32R0B4FER02R2712EE288B35C2DE5DORT4F3R36580D4
B043.U&24-ELC . pdf SS1B0OTFTABEFSCITBESSO0048398D

This Acknowledgement Receipt evidences raceip! on the noled dats by the USPTO ol the ndicated documents, characterizad

oy the applicant, and including page counts, where appiicabia. it serves as avidence of racaipt similar to a Post Card, as

descnpad in MPER 508

New Applications Under 35 US.C. 111

H g new applicalion is being Hled and the application includes the necassary componenis for filing dat
and MPER 508}, a Filing Haceipl (37 OFRUT.54) will be issuad in due course and the dals shown Qni
Racalnt will establish tha filing daie of the application

= ’D

National Stage of an intermnational Spplication under 38 US.C, 371
H# a timaly submission to enter the nadional stags uﬁ an international apghication is compliant with the conditions of 35 U

371 and other applicable requirements & Form PCT/DOVEDSOS mdicaling accapiance of the application as a nationa E::z‘m,;a

asubmission under 35 ULS.C. 871 will be issuad in addition 1o the Fiing Receipt, in due course.

New International Application Flled with the USPTO as a Hegelving Qffics

i a new internatlional application s being fHled and the international application includes the necessary componanis for an
intermnadional fling dats {see FCT Article 11 and MPER 1810), a Notification of the International Application Number and of the
Intarnational Filing Date (Form PCT/ROM0S) will be issued in due course, subject 1o prescriplions concerning national securily,
ardd the date shown on this Ackrowledgement Receipt will establish the international Hling dale of the application.

0131



PTO/SB/06 (09-11)

Approved for use through 1/31/2014. OMB 0651-0032
U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE
Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it displays a valid OMB control number.

Application or Docket Number Filing Date
PATENT APPLICgIggmtSfEFFCEEEEg_gISI\IATION RECORD 171392.185 08/02/2021 (7o be Maied
ENTITY: LARGE [ smALL (O MicroO

APPLICATION AS FILED - PARTI

(Column 1} (Column 2}
FOR NUMBER FILED NUMBER EXTRA RATE ($) FEE ($)
(] BAsic FEE N/A N/A N/A
(37 CFR 1.16(a), (b), or (c))
() SEARCH FEE
(37 CFR 1.16(K), (i), or (m)) N/A N/A N/A
(] EXAMINATION FEE
(37 CFR 1.16(0), (p), or (q)) N/A N/A N/A
TOTAL CLAIMS . .
(37 GFR 1.16(7)) minus 20 = x $100 =
INDEPENDENT CLAIMS . .
(37 GFR 1.16(h)) minus 3 = x $480 -
If the specification and drawings exceed 100 sheets
of paper, the application size fee due is $310 ($155
DST:TRLIE?ZSI(%'\)I SIZE FEE (37 for small entity) for each additional 50 sheets or
’ fraction thereof. See 35 U.S.C. 41(a)(1)(G) and 37
CFR 1.16(s).
(7) MULTIPLE DEPENDENT CLAIM PRESENT (37 CFR 1.16(j))
* If the difference in column 1 is less than zero, enter "0" in column 2. TOTAL
APPLICATION AS AMENDED - PART Il
(Column 1) (Column 2) (Column 3)
CLAIMS HIGHEST
- 02/07/2022 ;{E#"E/'\F'{N'NG gggﬁgﬁsw PRESENT EXTRA RATE ($) ADDITIONAL FEE ($)
E AMENDMENT PAID FOR
E (ngtSaFlm.m(m 30 Minus | == 20 =10 x $100 - 1000
Z | Independent B : xx B —
g (37 CFF:% 1.16(h) 1 Minus 3 =0 x $480 - 0
< ] Application Size Fee (37 CFR 1.16(s))
[:] FIRST PRESENTATION OF MULTIPLE DEPENDENT CLAIM (37 CFR
1.16(j))
TOTAL ADD'L FEE 1000
(Column 1} (Column 2} (Column 3}
CLAIMS HIGHEST
REX"F'?E"':{NG PRNE%'\IAC?ESRLY PRESENT EXTRA RATE ($) ADDITIONAL FEE ($)
E AMENDMENT PAID FOR
LU | Total * ; *x = =
= | (37CFR 1160} Minus — X $ 0 -
O | Independent B : oxn _
E 37 CFF:% 1.16()) Minus = x 0 -
5 (] Application Size Fee (37 CFR 1.16(s))

(_J FIRST PRESENTATION OF MULTIPLE DEPENDENT CLAIM (37 CFR
1.16()))

TOTAL ADD'L FEE

* If the entry in column 1 is less than the entry in column 2, write "0" in column 3.

LIE

** |f the "Highest Number Previously Paid For" IN THIS SPACE is less than 20, enter "20".

/WILLIAM N PHILLIPS/

*** If the "Highest Number Previously Paid For" IN THIS SPACE is less than 3, enter "3".

The "Highest Number Previously Paid For" (Total or Independent} is the highest number found in the appropriate box in column 1.

This collection of information is required by 37 CFR 1.16. The information is required to obtain or retain a benefit by the public which is to file (and by the USPTO to
process} an application. Confidentiality is governed by 35 U.S.C. 122 and 37 CFR 1.14. This collection is estimated to take 12 minutes to complete, including gathering,
preparing, and submitting the completed application form to the USPTO. Time will vary depending upon the individual case. Any comments on the amount of time you

require to complete this form and/or suggestions for reducing this burden, should be sent to the Chief Information Officer, U.S. Patent and Trademark Office, U.S.

Department of Commerce, P.O. Box 1450, Alexandria, VA 22313-1450. DO NOT SEND FEES OR COMPLETED FORMS TO THIS
ADDRESS. SEND TO: Commissioner for Patents, P.O. Box 1450, Alexandria, VA 22313-1450.
/f you need assistance in completing the form, call 1-800-PT0-9199 and select option 2.

0132



UNITED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark Office
Address: COMMISSIONER FOR PATENTS

P.O. Box 1450

Alexandria, Virginia 22313-1450

WWW.uspto.gov

| APPLICATION NO. | FILING DATE FIRST NAMED INVENTOR | ATTORNEY DOCKETNO. |  CONFIRMATION NO.
17/392,185 08/02/2021 Jesse SALK 072227-8043.US24 1013
94991 o790 00222022 | EXAMINER
Perkins Coie LLP - University of Washington
PO Box 1247 THOMAS, DAVID C

Seattle, WA 98111-1247

| ART UNIT | PAPER NUMBER
1637
| NOTIFICATION DATE | DELIVERY MODE
02/22/2022 ELECTRONIC

Please find below and/or attached an Office communication concerning this application or proceeding.

The time period for reply, if any, is set in the attached communication.

Notice of the Office communication was sent electronically on above-indicated "Notification Date" to the

following e-mail address(es):

patentprocurement @perkinscoie.com

PTOL-90A (Rev. 04/07)

0133



Application No. Applicant(s)

17/392,185 SALK etal.
Office Action Summary Examiner ArtUnit | AIA (FITF) Status
DAVID C THOMAS 1637 No

-- The MAILING DATE of this communication appears on the cover sheet with the corresponderice address --
Period for Reply

A SHORTENED STATUTORY PERIOD FOR REPLY IS SET TO EXPIRE 3 MONTHS FROM THE MAILING
DATE OF THIS COMMUNICATION.

Extensions of time may be available under the provisions of 37 CFR 1.136(a). In no event, however, may a reply be timely filed after SIX (6) MONTHS from the mailing
date of this communication.

- If NO period for reply is specified above, the maximum statutory period will apply and will expire SIX (6} MONTHS from the mailing date of this communication.

- Failure to reply within the set or extended period for reply will, by statute, cause the application to become ABANDONED (35 U.S.C. § 133).
Any reply received by the Office later than three months after the mailing date of this communication, even if timely filed, may reduce any earned patent term
adjustment. See 37 CFR 1.704(b).

Status
1) Responsive to communication(s) filed on 07 February 2022.
03 A declaration(s)/affidavit(s) under 37 CFR 1.130(b) was/were filedon
2a)(] This action is FINAL. 2b) ¥ This action is non-final.

3)(J An election was made by the applicant in response to a restriction requirement set forth during the interview
on ____;therestriction requirement and election have been incorporated into this action.

4)[0) Since this application is in condition for allowance except for formal matters, prosecution as to the merits is
closed in accordance with the practice under £x parre Quayte, 1935 C.D. 11, 453 O.G. 213.

Disposition of Claims*
5) Claim(s) 21-50 is/are pending in the application.

5a) Of the above claim(s) _____is/are withdrawn from consideration.
6) (J Claim(s) ____is/are allowed.
7) Claim(s) 21-50 is/are rejected.
8) [ Claim(s) ____is/are objected to.
9) J Claim(s) are subject to restriction and/or election requirement
* If any claims have been determined allowable, you may be eligible to benefit from the Patent Prosecution Highway program at a

participating intellectual property office for the corresponding application. For more information, please see
http://www.uspto.gov/patents/init_events/pph/index.jsp or send an inquiry to PPHfeedback@uspto.gov.

Application Papers
10)(1 The specification is objected to by the Examiner.

11)(J The drawing(s) filed on is/fare: a)(] accepted or b)(] objected to by the Examiner.
Applicant may not request that any objection to the drawing(s) be held in abeyance. See 37 CFR 1.85(a).
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Application/Control Number: 17/392,185 Page 2
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DETAILED ACTION

Notice of Pre-AlA or AIA Status
1. The present application is being examined under the pre-AlA first to invent
provisions. This application is a Continuation of U.S. Application No. 16/118,290, now
U.S. Patent No. 11,098,359, which is a Continuation of U.S. Application No. 15/660,785,
now U.S. Patent No. 10,287,631, which is a Continuation of U.S. Application No.
14/386,800, now U.S. Patent No. 9,752,188, which is a 371 of PCT/US13/032665,
which claims earliest benefit of U.S. Provisional Application 61/613,413, filed March 20,

2012.

Election/Restrictions
2. Applicant’s election without traverse of Group Il, claims 15-20, in the reply filed
on February 7, 2022 is acknowledged. Applicant has submitted new claims 21-50 to
replace the elected claims of Group Il, and have canceled claims 1-14 of non-elected
Group | and claims 15-20 of originally elected Group Il. Thus, claims 21-50 will be

examined on the merits. No claims are currently withdrawn from consideration.

Analysis of Subject Matter Eligibility under 35 U.S.C. 101
3. It is noted that independent claim 21 recites the active steps of providing
fragmented nucleic acid material obtained from a bodily sample of a subject, attaching
tags comprising barcodes to the nucleic acid fragments to generate tagged nucleic acid
molecules, amplifying at least a portion of the tagged nucleic acid molecules to produce

tagged nucleic acid amplicons, and sequencing a plurality of tagged nucleic acid
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amplicons to produce a plurality of sequence reads that comprise a barcode sequence
and a sequence derived from a nucleic acid fragment. Claim 21 also recites the steps
of aligning sequence reads from the tagged nucleic acid molecules to a reference
sequence, grouping sequence reads that align to the reference sequence at the same
coordinates and which have the same barcode into families, each family comprising
sequence reads of tagged nucleic acid molecules amplified from an original tagged
nucleic acid molecule, and within one or more families, distinguishing between
sequence reads derived from first and second strands of the original tagged nucleic acid
molecule, comparing first and second strand sequence reads to identify nucleic acid
base pairs that are in agreement, and comparing those nucleic acid base pairs to the
reference sequence to identify genomic variants. Since the claims recite limitations that
potentially include judicial exceptions in the form of abstract ideas relating to processing
raw sequence read data and sequence analysis, claims 21-50 were reviewed with
regards to subject matter eligibility under 35 U.S.C. 101 based on the 2019 Revised
Patent Subject Matter Eligibility Guidance (published January, 2019 and updated,
October, 2019).

Based on analysis of the claims using the revised guidelines, the claims are
drawn to a process and are therefore directed to a statutory category in step 1. In step
2, a two-prong inquiry is performed to determine if a claim is directed to a judicial
exception wherein in the first prong, in the case of potential abstract ideas, limitations
are evaluated to determine if the claims fall within the enumerated groupings of abstract
ideas by reciting a mathematical concept, a mental process or certain methods of

organizing human activity. In the current claims, sequencing and data analysis steps
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such as grouping sequence reads into families, comparing first and second strand
sequence reads from the same original tagged nucleic acid molecule to identify nucleic
acid base pairs in agreement, and comparing those nucleic acid base pairs to a
reference sequence to identify genomic variants, are performed by automated
processes such as data processing programs, and therefore are not performed merely
as mental processes in the human mind (for example, see paragraphs 96-97, 109 and
115-118 of the specification). Therefore, these limitations do not fall within the
enumerated groupings of abstract ideas and thus are not considered judicial exceptions.
Therefore, the review is complete and the invention as claimed qualifies as eligible

subject matter.

Claim Rejections - 35 USC § 112

4. The following is a quotation of the first paragraph of pre-AlIA 35 U.S.C. 112:

The specification shall contain a written description of the invention, and of the
manner and process of making and using it, in such full, clear, concise, and exact terms as to
enable any person skilled in the art to which it pertains, or with which it is most nearly
connected, to make and use the same, and shall set forth the best mode contemplated by the
inventor of carrying out his invention.

5. Claims 21-50 are rejected under 35 U.S.C. 112 (pre-AlA), first paragraph, as
failing to comply with the written description requirement. The claim(s) contains subject
matter which was not described in the specification in such a way as to reasonably
convey to one skilled in the relevant art that the inventor or a joint inventor, or for pre-
AlA the inventor(s), at the time the application was filed, had possession of the claimed

invention.
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Independent claim 21 recites the limitations “(e) aligning sequence reads from
the tagged nucleic acid molecules to reference sequence” and “(f) grouping sequence
reads that align to the reference sequence at the same coordinates and which have the
same barcode sequence into families, whereby each family comprises sequence reads
of tagged nucleic acid molecules amplified from an original tagged nucleic acid
molecule”. Although descriptions of aligning sequence reads with a reference sequence
(human genome, see paragraphs 103-113 of the published application, U.S Patent Pub.
No. 2021/0371922), the aligning was performed after reads having common SMI
sequences were grouped together and collapsed to generate a consensus read, which
was then aligned with the reference sequence in the human genome (paragraph 113,
lines 12-25 and paragraphs 109-113). In addition, while sequenced SMI-target nucleic
acid products may be grouped into families of paired target nucleic acid strands based
on a common set of SMI sequences (paragraphs 11, 14 and 85), the sequence reads
are not aligned with a reference sequence prior to the grouping, particularly where the
sequence reads align to the reference sequence at the same coordinates. Therefore,
there is no teaching wherein the currently claimed invention is performed by aligning
sequence reads from the tagged nucleic acid molecules to a reference sequence prior
to grouping sequence reads that align to the reference sequence at the same
coordinates and which have the same barcode sequence into families, and therefore
these limitations represent new matter since this subject matter is not described in the

specification.
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Status of the Prior Art
6. The prior art was reviewed based on the priority date of March 20, 2012 indicated
above. However, if indeed the currently claimed invention comprises new matter, as
discussed above, the priority date would be the current filing date of August 8, 2021,
and the prior art will be reviewed again if the rejection stands after Applicant’s reply.
Claims 21-50 are free of the prior art based on the earlier priority date, as no prior art
was found that teaches or suggests a method for detecting genomic variants in nucleic
acid material from a subject as currently claimed. The closest prior art of Bielas et al.
(U.S. Patent Pub. No. 2015/0024950) teaches methods for tagging double-stranded
nucleic acid molecules in a sample with random cyphers or tags that allows sequence
information obtained from individual double-stranded molecules to be grouped into
families and analyzed together, wherein comparison of family sequences allows for
generation of consensus sequences to eliminate mutations or errors arising during
library preparation or during sequencing, wherein the consensus sequences were
compared to wild-type TP53 sequence as a reference sequence (see paragraphs 13-15
and 80). Bielas further teaches that each target nucleic acid molecule is tagged with a
unique double-stranded cypher in the sample (paragraph 9), wherein each strand of the
double-stranded molecules are amplified, and the target sequences and random
cyphers of each strand are sequenced (paragraph 10). However, Bielas does not teach
methods for analyzing double-stranded nucleic acid fragments in a sample wherein
sequence reads are initially aligned to a reference sequence, and sequence reads that
align to the reference sequence at the same coordinates and which have the same

barcode sequence are then grouped into families comprising sequence reads amplified
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from an original tagged nucleic acid molecule, wherein first and second strand reads for
a given family are compared to identify nucleic acid bases in agreement, which are then
compared to the reference sequence to identify genomic variants.

Another reference of particular interest to the currently claimed invention is that
of Vogelstein et al. (U.S. Patent No. 9,476,095). Vogelstein teaches methods of
sequencing nucleic acids in order to determine the fidelity of a polymerase, the
accuracy of a polynucleotide synthesized in vitro and the prevalence of mutations in the
genomes of cells (see Abstract). The methods of Vogelstein comprise attaching a
unique identifier (UID) nucleic acid sequence (also known as barcodes or indexes) to a
first end of each of a plurality of analyte nucleic acid fragments to form uniquely
identified fragments, wherein the uniquely identified fragments are amplified and their
sequences are determined (see column 2, lines 30-58). Vogelstein further teaches
paired-end sequencing of the fragments yields UID-families, wherein nucleotide
sequences of the plurality of members of a family are determined (column 2, line 59 to
column 3, line 10 and column 9, line 62 to column 10, line 7), wherein a mutation in the
original analyte fragment is identified when the sequence is different from a reference
sequence (see claim 28). However, like Bielas, Vogelstein is silent with regard to
methods for analyzing double-stranded nucleic acid fragments in a sample wherein
sequence reads are initially aligned to a reference sequence, and sequence reads that
align to the reference sequence at the same coordinates and which have the same
barcode sequence are then grouped into families comprising sequence reads amplified

from an original tagged nucleic acid molecule, wherein first and second strand reads for
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a given family are compared to identify nucleic acid bases in agreement, which are then

compared to the reference sequence to identify genomic variants.

Conclusion
7. Claims 21-50 are rejected under 35 U.S.C. 112 (pre-AlA), first paragraph, as
failing to comply with the written description requirement. However, claims 21-50 are
free of the prior art, and qualify as eligible subject matter under U.S.C. 101, as

discussed above.

Correspondence

8. Any inquiry concerning this communication or earlier communications from the
examiner should be directed to David C. Thomas whose telephone number is 571-272-
3320 and whose fax number is 571-273-3320. The examiner can normally be reached
on 5 days, 9-5:30.

If attempts to reach the examiner by telephone are unsuccessful, the examiner’'s
supervisor, Gary Benzion can be reached on 571-272-0782. The fax phone number for
the organization where this application or proceeding is assigned is 571-273-8300.

Information regarding the status of an application may be obtained from the
Patent Application Information Retrieval (PAIR) system. Status information for
published applications may be obtained from either Private PAIR or Public PAIR.
Status information for unpublished applications is available through Private PAIR only.
For more information about the PAIR system, see http://pair-direct.uspto.gov. Should
you have questions on access to the Private PAIR system, contact the Electronic
Business Center (EBC) at 866-217-9197 (toll-free).

/David C Thomas/
Primary Examiner, Art Unit 1637

0141



Notice of Referernces Cited

Application/Control No.

Applicant(s)/Patent Under

17/392,185 Reexamination
SALK et al.
Examiner Art Unit
DAVID C THOMAS 1637 Page 1 of 1

U.S. PATENT DOCUMENTS

* Coumgoggg;i:ﬁgbgjzi; Code MI\/ID- ?}iYY Name CPC Classification US Classification
* [ A | US-20210371922-A1 12-2021 SALK; Jesse C12Q1/6806 171
* | B | US-20150024950-A1 01-2015 Bielas; Jason H. C12N15/70 506/17
* C | US-9476095-B2 10-2016 Vogelstein; Bert C12Q1/6869 1/1

D

E

F

G

H

|

J

K

L

M

FOREIGN PATENT DOCUMENTS

* 00untlrj;/ogg£i?:rr’:lbirlgii; Code MI\/ID- ?}?(YY Country Name CPC Classification

N

0]

P

Q

R

S

T

NON-PATENT DOCUMENTS

* Include as applicable: Author, Title Date, Publisher, Edition or Volume, Pertinent Pages)

u

\

W

X

*A copy of this reference is not being furnished with this Office action. (See MPEP § 707.05(a).)
Dates in MM-YYYY format are publication dates. Classifications may be US or foreign.

U.S. Patent and Trademark Office
PTO-892 (Rev. 01-2001)

Notice of References Cited

Part of Paper No. 20220215

0142




Application/Control No.

Applicant(s)/Patent Under Reexamination

Search Notes 17/392.185 SALK et al
T
DAVID C THOMAS 1637
CPC - Searched*
Symbol Date Examiner
C12Q 1/6876 02/15/2022 DCT
C12Q 1/6806 02/15/2022 DCT
C12Q 1/6869 02/15/2022 DCT
C12Q 1/6855 02/15/2022 DCT
C12Q 2563/179 02/15/2022 DCT
C12Q 2525/191 02/15/2022 DCT
CPC Combination Sets - Searched*
Symbol Date Examiner
US Classification - Searched*
Class Subclass Date Examiner

* See search history printout included with this form or the SEARCH NOTES box below to determine the scope of

the search.

Search Notes

Search Notes Date Examiner
EAST 02/14/2022 DCT
EAST 02/15/2022 DCT
Google-search terms: genomic variants, mutations, sequencing DCT
errors, ligating tags, ligating barcodes, ligating adapters, barcode

adapters, unique tags, aligning sequence reads, comparing to 02/14/2022

reference sequence, grouping sequence reads into families,

CONsensus sequence

Inventor name search 02/14/2022 DCT

U.S. Patent and Trademark Office

Page 1 of 2

Part of Paper No.: 20220215

0143



Application/Control No.

Applicant(s)/Patent Under Reexamination

Search Notes 17/392,185 SALK et al,
H““H““ H‘H“ HH“‘ o o
DAVID C THOMAS 1637
Interference Search
US Class/CPC | \,q 5 pclass/CPC Group Date Examiner
Symbol

U.S. Patent and Trademark Office

Page 2 of 2

Part of Paper No.: 20220215

0144




EAST Search History

EAST Search History (Prior Art)

Ref Hits Search Query DBs . Default Plurals  Time
- # - Operator . Stamp

“ 1 ("20140155274").PN.  US-PGPUB; USPAT;  OR OFF  2022/02/15
. s 'USOCR 17:41

("20210371922").PN. - US-PGPUB; USPAT; ‘OR OFF  2022/02/14
f ‘USOCR :17:36 :

2 1 ("11098359").PN. _US-PGPUB; USPAT;  OR OFF  2022/02/14
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:USOCR; FPRS; EPO;
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:USOCR; FPRS; EPO;
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' IBM_TDB
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:USOCR; FPRS; EPO;
:JPO; DERWENT;
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_USOCR; FPRS; EPO;
:JPO; DERWENT;
:IBM_TDB

:US-PGPUB; USPAT;
:USOCR; FPRS; EPO;
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.IBM_TDB
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118:22 f

12022/02/14
118:22 f

12022/02/14
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12022/02/14
118:23 |

12022/02/14
118:27 5

12022/02/14
18:27 %

12022/02/14
18:41 |

12022/02/14
18:41 |

12022/02/14
118:42 :

12022/02/14
18:43
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526 1 ("20200318185").PN. ' US-PGPUB; USPAT;  OR OFF  2022/02/14
- s .USOCR 118:44 :

S27 1 ("20210371920").PN. ' US-PGPUB; USPAT;  OR OFF  2022/02/14
: ; 5 ‘USOCR ©18:45 5

S28 1 ("20210371921").PN. _US-PGPUB; USPAT; ' OR OFF  2022/02/14
e | _USOCR 18:46 |

529 1 ('20210371923").PN. ' US-PGPUB; USPAT; ~ OR OFF  2022/02/14
o | -USOCR 18:46 |

S30 1 ("20210371924").PN. ' US-PGPUB; USPAT;  OR OFF  2022/02/14 |
: ; 5 {USOCR 118:47 5

8311 ("10760127").PN. _US-PGPUB; USPAT; ' OR OFF  2022/02/14
. | _USOCR 119:07 |

S32 1 ("10287631").PN. 'US-PGPUB; USPAT; ' OR OFF  2022/02/14
z : s ‘USOCR 119:25 :

1533 1242 .c12q 1/6876 :US-PGPUB; USPAT; -NEAR :ON :2022/02/15
{USOCR; FPRS; EPO; 112:37
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‘IBM_TDB
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: 'USOCR; FPRS; EPO; 112:37
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‘IBM_TDB

'US-PGPUB; USPAT; ~  NEAR ON  12022/02/15
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